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1 Introduction
1.1 Motivation
A ferroelectric is a polar material exhibiting a spontaneous polarization PS that can be toggled
between two stable states upon application of an external electric field. Ferroelectricity was
initially discovered in 1921 by Valasek on the basis of Rochelle Salt (sodium potassium tartrate
tetrahydrate) [1]. Anyway, it took until the the early 1940s with the discovery of the perovskite
BaTiO3 as a high dielectric constant material that considerable attention was paid to the phe-
nomenon [2]. The perovskite crystal class paved the way towards a deeper understanding of
ferroelectricity on the microscopic scale and ever since ferroelectric oxides found their way
into a large variety of applications utilizing their outstanding dielectric (capacitors), piezoelec-
tric (actuators and pressure sensors), pyroelectric (temperature sensors) and non-linear optical
(holographic data storage, optical transistors) properties [3].
Today, the tremendous progress in thin-film processing and advanced ceramic fabrication opened
up an exciting new field of applications for ferroelectric materials in information technology [4].
Novel implementations comprise devices that utilize either the dielectric (tuneable capacitors;
dynamic random access memories (DRAM)) or piezoelectric (micro-electro-mechanical systems
(MEMS); surface acoustic wave (SAW)) properties of ferroelectric films [5]. The progressive
reduction of film thicknesses and operating voltages in particular enabled the development of
Ferroelectric Random Access Memories (FeRAM) in integrated circuits, non-volatile memory
devices that are based on the specific ferroelectric property: the reversibility of two stable
polarization states [6].
Current commercially available FeRAMs are fabricated with 130 nm CMOS process technology
and achieve storage capacities of 64 MBit [7]. Applications include smart cards, radio-frequency
identification (RF-ID) tags and prospectively mobile applications such as cell phones, laptops
or cameras [5, 8]. While the FeRAM concept amongst other ferroelectric implementations
already crossed the border from research to commercial device, others will follow in the future.
Nevertheless, in order to prevail over competing technologies on a long term base the ongoing
structural miniaturization in microelectronics needs to be followed. This does not only involve
a further reduction of film thicknesses but also scaling of the ferroelectric features in lateral
dimensions.
The scaling potential of ferroelectric materials however is an unsolved question to date and
therefore still under discussion [9]. As ferroelectricity is a cooperative phenomenon of interacting
dipole moments, it is expected that the spontaneous polarization PS ceases as soon as the number
of contributing unit cells drops below a critical quantity, often referred to as the superparaelectric
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limit. Recent studies however indicate, that rather technological issues like processing-induced
damage and boundary conditions define the stability of the ferroelectric phase (see chapter 2.2).
In order to fabricate ferroelectric structures that are capable of being integrated into high-density
device architectures, some basic questions need to be addressed. From the technological point
of view, large-areas of highly ordered functional nanoscaled1 ferroelectrics have to be processed
in effective manners. It has to be determined to what extent and under which processing and
boundary conditions the ferroelectric properties can be preserved or even actively stabilized
all the way down to nanoscale dimensions. In addition, characterization of the ferroelectric
structures, especially as part of an integrated system, becomes increasingly important. Here,
a further structural integration might moreover help to adapt characterization techniques like
direct electrical measurements on nanoscaled ferroelectrics which are carried out on microscopic
structures routinely today.
1.2 State of the Art
Initial studies that focused on ferroelectric nanostructure processing either suffered from pro-
cessing induced damage when using destructive top-down patterning approaches or from low
ordering when bottom-up based growth approaches were applied. Not until the course of this
thesis, an increasing number of promising fabrication routes were presented that could demon-
strate the production of large-scale high-density ferroelectric cell arrays in effective manners
while minimizing processing induced deterioration (for a detailed summary see section 3).
Throughout these studies, the ferroelectric nature of the patterned cells was proven by Piezore-
sponse Force Microscopy (PFM) which is the method of choice for characterization and manip-
ulation of ferroelectric nanostructures and domains [10]. Using PFM however, ferroelectricity is
detected indirectly by recording piezoelectric hysteresis loops or piezoelectric phase switching.
An exact identification of characteristic ferroelectric properties like remnant polarization Pr and
coercive field Ec is therefore hindered (cp. section 5.1.2).
A quantitative description of a ferroelectric cell is obtained when measuring the displacement
current charge during electrical switching. This however requires that the ferroelectric cells are
provided with electrodes. The smallest freestanding ferroelectric capacitor structures achieved
to date were in the range of about 100 nm in lateral cell dimensions [11, 12]. Ferroelectric
nanocapacitors of almost the same dimensions were obtained on continuous ferroelectric films
with patterned top-electrodes [13]. Anyway, in absence of an on-chip amplifier the switching
charge to detect readily drops below the background noise of the measuring setup, hence the
smallest capacitors that were electrically characterized so far were 200 × 200 nm2 [14, 15].
1The term “nano” refers to structural dimensions below 100 nm throughout this thesis.
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FIGURE 1.1: Concept of a “pathway for the integration of ferroelectric nanograins into the silicon
world” as suggested by Schneller and Waser in 2002. The depicted scheme suggest the use of nanosized
seed structures for growing lead-based ferroelectric grains with a high registration using CSD. Embedding
the ferroelectrics in an insulating matrix allows to provide them with top-electrodes and enables direct
electrical characterization of the structures.
1.3 Objectives
The main aim of this work is to identify and develop a route for integration and characterization
of self-assembled, bottom-up grown ferroelectric nanostructures. The concept that is basically
followed is illustrated in Fig. 1.1. The depicted approach was initially suggested by Schneller
et al. as a future prospect on processing and characterization of self-assembled ferroelectric
nanostructures that are deposited by CSD [16].
One aim is to set a step towards further integration by preparing the actually self-assembled
ferroelectric nanostructures with a precise registration and a narrow size distribution while
preserving the general advantages of the bottom-up growth approach, i.e. a low processing
damage and highest integration densities. For this, a template concept based on artificial titanium
dioxide (TiO2) nucleation sites is introduced which is inspired by the finding that ultrathin TiO2
seed layers significantly promote nucleation and (111)-oriented growth of lead-based perovskite
thin films on (111)-oriented platinum substrates [17, 18].
In order to enable the direct electrical characterization of the nanoislands, integration has to
be pushed to a level where the bottom-up prepared cells can be provided with top-electrodes,
i.e. nanocapacitors can be fabricated as illustrated in Fig. 1.1. In the framework of this
thesis, a dedicated process based on flowable oxides in combination with Chemical Mechanical
Polishing (CMP) is introduced in order to electrically insulate the ferroelectric cells within
a dielectric matrix layer. This allows for the deposition of top-electrodes and hence, enables
direct electrical characterization that, as will be shown, becomes feasible when the ferroelectric
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nanocells are measured in parallel.
The work is divided into the following logical parts. At first the basic fundamentals of ferroelec-
tricity and the origin of size-effects in this material class are discussed in chapter 2. Chapter 3
gives a brief overview on ferroelectric nanostructure processing as presented in literature so
far. This provides the motivation for the seeded growth approach as it is introduced in our
studies. The production respectively characterization methods that are applied within this work
are described in chapters 4 and 5. The results on integration and characterization of the CSD
prepared bottom-up grown ferroelectric nanoislands are discussed in chapter 6. The last chapter
will conclude the main results and give an outlook on prospective future developments.
FIGURE 2.1: Classification of the 32 point groups. While all crystal classes are polarized by an
external electric field and are subject to the electrostrictive effect, only 20 non-centrosymmetric classes
are piezoelectric. Among these, 10 classes featuring a unique polar axis exhibit the pyroelectric effect.
If the spontaneous polarization of these pyroelectrics is reversible upon the application of an external
electric field they can be referred to as ferroelectrics. Image adapted from [24].
2 Ferroelectrics
In this chapter the fundamentals of ferroelectrics and the origin of size effects in this material
class will be reviewed as far as relevant to the scope of this work. For a comprehensive overview
on the field of ferroelectrics the reader is referred to standard textbooks and articles [19–23].
2.1 Fundamentals
The ferroelectric system under consideration in this work is an oxide crystal with a perovskite
structure. Depending on their symmetry, all crystalline systems are classified into one of 32
point groups i.e. crystal classes that exhibit a variety of different properties. One possible
classification of these point groups is presented in Fig. 2.1. What all point groups have in
common is that they are polarized when an electric field Ej is applied, resulting in a surface
charge analog to the dielectric displacement Di [C/m2]:
Di = εijEj = ε0δijEj + Pi. (2.1)
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Here, εij denotes the second rank linear permittivity tensor, ε0 the dielectric vacuum permittivity
and Pi the dielectric polarization2. δij is Kronecker’s symbol (δij = 1 for i = j and δij = 0 for
i 6= j) [23].
2.1.1 Piezoelectricity
The 11 crystal groups with an inversion center (centrosymmetric) are pure dielectric. Of the
remaining 21 non-centrosymmetric groups 20 are piezoelectric (except for point group 432).
These materials polarize upon the application of mechanical stress T . This adds an additional
term to the surface charge and hence the dielectric displacement analog to:
Di = εijEj + dijkTjk, (2.2)
with the third rank tensor of piezoelectric coefficients dijk [C/N]. In the framework of this work,
only the converse piezoelectric effect is of relevance. It describes the strain Sij that is generated
in a piezoelectric material due to an applied electric field:
Sij = dkijEk = d
t
ijkEk. (2.3)
Here, dtijk is the transposed tensor of piezoelectric coefficients. The coefficients of the converse
effect in [m/V] are thermodynamically identical to those of the direct effect [23]. For symmetry
reasons of both the stress and strain tensors (Tjk and Sij) as well as the material system under
consideration, the number of independent piezoelectric coefficient can be significantly reduced.
In case of a perovskite crystal with an 8m symmetry, only three independent d components
remain: a longitudinal component d33, a transversal component d31 and a shear component d15
(see section 5.1.2, in particular Fig. 5.2). The original tensor notation was simplified by the
Voigt notation here3.
Next to piezoelectricity, an additional non-linear coupling between elastic and electrical fields
exists that is present in all dielectric materials independent of the crystal symmetry: the elec-
trostrictive effect. The applied electric field produces strain that does not change on reversing
the electric field direction. Hence, the electrostrictive effect adds an additional quadratic term
2The Einstein summation convention is used. In all tensor relationships summation over repeated indices
is assumed and the summation sign Σ is omitted. For example: ai = bijcj instead of writing ai = Σjbijcj =
bi1c1 + bi2c2 + bi3c3.
3dijk forms a third-rank tensor. Due to the tensor’s symmetry, the Voigt notation can be used:
tensor notation 11 22 33 23, 32 31,13 12,21
voigt notation 1 2 3 4 5 6
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FIGURE 2.2: Schematic of a ferroelectric hysteresis loop. The characteristic values as indicated are the
spontaneous polarization PS, the remanent polarization Pr and the coercive field Ec.
to Eq. 2.3. Anyway, in polar oxides this effect is rather small compared to the piezoelectric
effect and for PFM as applied in this work (cp. section 5.1.2) it does not contribute to the
piezoresponse signal [25].
2.1.2 Ferroelectricity
Among the 20 piezoelectric point groups 10 are characterized by a unique polar axis. These
crystal classes feature a temperature dependent spontaneous polarization PSi = pi∆T in parallel
to the polar axis even in absence of an external electric field and are called pyroelectrics. The
pyroelectric coefficient is pi while ∆T stands for a change in temperature. As under isothermal
conditions this effect does not contribute to the dielectric displacement Di, it is not further
considered here.
Anyway, if the spontaneous polarization of a pyroelectric can be toggled between two stable
states by applying an external electric field, the material is a ferroelectric. Based on Eq. 2.2 the
spontaneous polarization PSi contributes to the dielectric displacement analog to:
Di = εijEj + dijkTjk + PSi. (2.4)
In ferroelectrics the orientation of the spontaneous polarization vector PSi is the dominant
contribution to the dielectric displacement charge Di [24]. Upon cycling of the external electric
field Ej, the polarization P describes a characteristic hysteresis curve as illustrated in Fig. 2.2.
The depicted polarization P consists of the spontaneous polarization PSi and the dielectric
polarization Pi ≈ εijEj and is therefore almost equal to the dielectric displacement Di. Anyway,
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FIGURE 2.3: Illustration of the perovskite PTO unit cell. In the cubic phase (a) the crystal is
centrosymmetric and therefore paraelectric. In the lower symmetry tetragonal phase (b) the unit cell
builds out a permanent, switchable dipole moment as the Ti4+ ion can occupy two stable positions along
the c-axis (here depicted in the upper position). Image adapted from [24].
when recording the displacement charge for obtaining a hysteresis plot of a ferroelectric material,
additional parasitic currents have to be considered as we will see in chapter 6.5.
Regarding the hysteresis loop in Fig. 2.2, the initial macroscopic polarization P of the crystal is
zero. This does not imply that the spontaneous polarization PSi of the material vanishes here.
It is rather the direction of the spontaneous polarization that is statistically oriented within the
crystal at this point that causes a zero net polarization. Upon an increase of the external electric
field, the polarization vectors are forced into positive field direction. In the saturation state the
entire spontaneous polarization is aligned and the curve progression is due to the dielectric
polarization amount Pi. When switching the field off at this point, only parts of the spontaneous
polarization are reoriented out of field direction and hence, a macroscopic polarization remains:
the remanent polarization Pr. In order to obtain a zero net polarization again, an electric field in
the opposite direction has to be applied. This is the coercive field Ec. A further increase of the
electric field into this direction forces the spontaneous polarization to switch until saturation is
reached in the opposite, negative state.
2.1.3 Lead Titanate
The ferroelectric material that was used as model system for integration and characterization in
this work is lead titanate PbTiO3 (PTO). It features a perovskite crystal structure with the general
formula ABO3 as shown in Fig. 2.3. In the cubic, centrosymmetric phase at high temperatures
the material is not piezoelectric and hence not ferroelectric. The A sites on the corners of the
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unit cell are occupied by Pb2+ ions while the oxygen ions O2− are arranged on the face centers
of the cell forming an octahedron. The B site in the center of the unit cell holds a Ti4+ ion.
Upon cooling, a phase transition at TC ≈ 490◦C from the high symmetry cubic into a lower
symmetry tetragonal phase takes place [26]. The cubic cell is elongated into one direction which
generates the ct-axis. This involves shrinkage of the other two axes from ac to at. The unit cell
parameters in the tetragonal phase at room temperature are at = 3.904 A˚ and ct = 4.152 A˚,
resulting in a tetragonal distortion of about 6 % [27]. Regarding this phase, two equilibrium
positions for the Ti4+ ion exists: above or below the center of the oxygen octahedron. As the
centers of the positive and negative charges do not coincide, the unit cell builds out a permanent
dipole moment. By applying an external electric field, the position of the Ti4+ ion and therefore
the dipole moment can be switched between the two equilibrium positions. Note, that the
spontaneous polarization PS as indicated in Fig. 2.3 is actually a macroscopic property that
describes the surface charge density due to dipole moments within an entire system (e.g. a single
crystal). In a strict sense, ferroelectricity is therefore not appropriately described by a single unit
cell as we will see in section 2.2.
2.1.4 Ferroelectric Domains
Ferroelectric materials form domain structures, i.e. regions with a uniform direction of spon-
taneous polarization PS. In case of a cubic PTO crystal, all three ac-axes of the unit cell are
equivalent and non-polar. Upon cooling through the phase transition temperature TC, the dipole
moment may therefore arise along each of them with the same probability. This means that for a
single PTO crystal 6 directions of spontaneous polarization are possible, likewise resulting in 6
possible domain configurations. Adjacent domains are therefore polarized 90◦ or 180◦ to each
other, separated by domain walls of a few unit cells [26]. An example for a domain configuration
in a PTO thin film is given in Fig. 2.4. Adjacent 90◦ domains show a head-to-tail configuration
as no electric charge may be accumulated at the domain walls in an insulating system. However,
there are indications that this is different in case of semiconducting ferroelectrics [28].
The actual domain configuration in a ferroelectric is not set by its crystallographic structure but
rather by electrical and mechanical boundary conditions. The reason for domain forming is
the minimization of the systems free energy. Antiparallel 180◦ domains are formed in order to
reduce depolarizing electric fields created by the polarization charges on the system surface (see
also section 2.2.2). 90◦ domains separate areas that differ both in the orientation of polarization
and in spontaneous strain that arises from the c-axis distortion. They minimize the mechanical
energy stored in the system and are denoted ferroelastic domains. The process of domain
building is limited as a certain amount of energy is stored in the domain walls. In case of 90◦
domains, the elongated c-axes from one domain pass into the truncated a-axes of the other.
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FIGURE 2.4: Domain configuration in a (001)-oriented PTO thin film. The arrows represent the
direction of spontaneous polarization PS. 90◦ domain walls are indicated by solid lines. Dashed lines
represent 180◦ domain walls. Areas with the polarization vector in the film plane are a-domains while in
c-domains the polarization stands perpendicular to the film surface. Note, that a PTO film with a (111)
texture would have a spontaneous polarization inclined with respect to the film plane. Adapted from [24].
Hence, the domain walls contain unit cells with anomalous strain that store elastic energy. Due
to this distortion the angle between the polar axes of 90◦ domains in reality differs by an angle of
∆α = 2 arctan(a/c) [24]. Mechanical stress is also predicted in case of 180◦ domains, where
the tetragonal distortion is the same at both sites of the domain wall [29].
2.2 Size Effects
When the physical properties of a material are changed by altering its geometrical size or shape,
one speaks about a “size effect”. Size effects are expected to occur in ferroelectric materials
intrinsically as ferroelectricity is a collective phenomenon of interacting dipole moments,
i.e. every single dipole moment has to be considered in the mean field of all surrounding
dipoles. Upon reduction of the contributing unit cells, a size limit is expected below which the
spontaneous polarization and therefore the ferroelectricity of the system ceases, usually referred
to as the superparalectric limit [9, 30].
In addition to this pure intrinsic effect, experimentally determined size effects are often attributed
to extrinsic origins. Extrinsic size effects can be considered size dependent changes in the physi-
cal properties of a ferroelectric that are induced by external factors. Exemplarily these can arise
due to structural modifications that are provoked by the fabrication process, misfit dislocations
or due to boundary conditions like imperfect polarization screening or size dependent strain (cp.
section 2.2.2) [31].
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FIGURE 2.5: Two-dimensional illustration of the correlation volume due to dipole-dipole interactions
in a ferroelectric material. Typical values for the correlation volume in ferroelectrics are La ≈1 - 2 nm
and Lc ≈10 - 50 nm, according to [21].
2.2.1 Correlation Volume and Surface Effects
A nice illustration of the correlation volume model, describing the volume that is necessary to
stabilize the ferroelectric state in a ferroelectric crystal, is given in Ref.[32]. The alignment
of dipole moments that is needed in order to obtain a stable polarization state is a result of
dipole-dipole interactions. Two forces apply: long-range Coulomb and short-range chemical
forces. The energy gain that is associated with the creation of permanent dipoles in parallel to the
field of surrounding dipoles (due to the long-range Coulomb forces) prevails the loss in energy
due to the short range repulsive forces which favor the paraelectric state. The correlation volume
of a ferroelectric material is depicted in Fig. 2.5. When approaching structural dimensions in
the range of the correlation volume, the stability of the ferroelectric phase might vanish, e.g.
resulting in a decay of the transition temperature TC and altered ferroelectric characteristics like
coercive field Ec and remnant polarization Pr.
As a consequence from the correlation volume model the polarization stabilizing long-range
forces are modified in vicinity of a surface. From another point of view, every surface or interface
is a disturbance of the regular crystal lattice where the polar properties of the crystal are altered.
Ions at subsurface layers are modified regarding their chemical bonds and surface layers are
subject to enhanced mechanical stress. For shrinking structural dimensions, the influence of
these boundary layers increases. The mechanisms that lead to experimentally observed size
effects are therefore intrinsically attributed to surface effects. Such surface variations of PS can
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be described by the phenomenological Landau expression4 of the free energy by introduction of
a surface term including the extrapolation length λ [33, 34]. The free energy F in the Landau
expansion as a function of the polarization P is then [9]:
F =
∫
V
[
1
2
AP 2 +
1
4
BP 4 +
1
6
CP 6 +
1
2
D(∇P )2 − 1
2
Ed · P − Eext · P
]
dV
+
D
2λ
∫
S
P 2dS (2.5)
The first integral describes the volume energy while the second integral calculates the surface
effect. A, B, C and D are phenomenological parameters of the ferroelectric. The gradient term
∇P describes the distortion energy from polarization inhomogeneities at the surface and from
domains [26]. While Eext denotes an external electric field, Ed describes the depolarizing field
due to spacial variations in local polarization [35].
According to experimentally observed size effects, the extrapolation length λ is considered to be
a positive value typically of a few nm [36]. This implies a reduction of the polarization at the
surface as depicted in Fig. 2.6, resulting in a decrease of the phase transition temperature TC.
Note, that the extrapolation length λ in contrast to one dimensional thin film calculations is size
dependent in case of three dimensional structures. This results in a positive extrapolation length
for smallest particle dimensions even when the extrapolation length is negative in bulk [37, 38].
Minimizing the free energy F in Eq. 2.5 with respect to P , characteristic material properties
like the susceptibility χ = dP/dE or the phase transition temperature TC can be calculated.
Studies that solve the Landau equation in three dimensions (i.e. for nano-particles), assume
perfect crystals and simplify the Landau equation by neglecting effects like the depolarizing field
[37, 39–41]. Consistently a critical PTO sphere diameter in the range of a few nm is predicted for
varying temperatures and phenomenological parameters. Being a mean-field theory the general
question arises to which extent the Landau approach is suitable to describe ferroelectricity when
the structures reach dimensions of only a few unit cells.
Nanoscaled ferroelectric structures have to be regarded as part of a system (especially when
thinking about possible applications) and are therefore subject to various electrical and mechan-
ical boundary conditions. These can provoke size effects that superimpose intrinsic surface
4The Ginzburg-Landau theory was initially derived as a phenomenological description of phase transitions in
superconductors. It is a mean field theory that considers a thermodynamic quantity in the mean field of others. This
requires that the single entity interacts with many others, as in ferroelectric materials where dipoles interact due to
long range Coulomb interactions. Close to the ferroelectric phase transition temperature TC the Gibbs free energy
F of a ferroelectric system is therefore properly described by a power series analog to Ginzburg Landau theory,
introducing the polarization P as free order parameter.
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FIGURE 2.6: Schematic of the variation in local polarization P (z) in the vicinity of a surface or
interface at z = 0. λ is the extrapolation length and P∞ is the polarization in bulk. The two different
cases as illustrated are a) a reduction of the polarization at the surface (λ1 > 0) and b) an enhancement
of polarization at the boundary layer (λ2 < 0). Note, that the extrapolation length is a measure of the
coupling strength in the subsurface layers and that the distance from the surface in which the polarization
varies from its bulk property is described by the bulk correlation length ξ. Adapted from [24].
effects. In fact, recent results based on first principle calculations5 and epitaxially grown thin
films indicate, that for proper boundary conditions ferroelectricity might last all the way down
to a few unit cells at least in case of defect free films [42–46]. The most relevant extrinsic
contributions to size effects as currently under discussion are therefore briefly discussed in the
following.
2.2.2 Electrical and Mechanical Boundary Conditions
Ferroelectric nanostructures in an integrated state, e.g. grown on a substrate, are exposed
to boundary conditions. Regarding electrostatics, depolarizing fields occur as soon as the
ferroelectric polarization charges are not or only incompletely screened at a surface. Such
depolarizing fields can significantly reduce the stability of the ferroelectric phase [47, 48].
Considering a perfectly insulating film in vacuum with a homogeneous spontaneous polarization
PS perpendicular to the surface plane, the depolarizing field Edep can be derived from Eq. 2.4
with D = 0 (no free charges) to:
Edep = −PS
ε
. (2.6)
In the absence of free charges, the electrostatic energy that is related to the depolarizing field is
reduced by 180◦ domain formation as illustrated in Fig. 2.7 (cp. section 2.1.4) [26]. This process
5First principle or ab initio studies calculate the electronic structure and structural energetics of complex oxides
on the atomic scale only by means of fundamental physical laws.
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FIGURE 2.7: 180◦ domain formation in a perfectly insulating ferroelectric film under vacuum, reducing
the electrostatic depolarization energy. Note that although the long-range depolarizing field inside the
film is reduced after domain formation a depolarizing field still exists at the surface. Adapted from [26].
FIGURE 2.8: Depolarizing field Edep due to a finite separation d/2 between the bound polarization
charges and the free screening charges in the electrodes. From the short circuit condition
∫
Eds = 0
follows that Edep = −Ed · dt . Hence, the depolarizing field Edep scales inverse to the film thickness t.
runs until a balance is reached between the energy gain from reduction of the depolarizing field
and the energy that is needed to create new domains. The breakup into 180◦ domains scales with
film thickness and is considered to significantly influence the properties when films reach the
nanoscale [49, 50].
The situation is different when free charges are present. Considering a ferroelectric film that
is provided with metallic electrodes under short circuit conditions, the polarization of the
ferroelectric is screened by free charges at the electrode surface. Due to a finite separation
between the bound polarization charges and the free surface charge in the electrode however,
this compensation mechanism does not provide a perfect compensation of the depolarizing field
as demonstrated in Fig. 2.8. The separation distance can e.g. be attributed to a passive dielectric
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surface layer that results in a film thickness-dependent depolarizing field Edep analog to [23, 51]:
Edep = −PS · d
εd · t ; d t. (2.7)
Here, d and εd denote the thickness and permittivity of the dielectric layer and t is the thickness
of the ferroelectric film. Towards thinner films the impact of the depolarizing field increases.
However, even if no dielectric boundary layer exists, the polarization charges and the screening
charges are separated due to the Thomas-Fermi screening length in the metal electrode and the
Debye-Length in the semiconducting ferroelectric [8].
Regarding mechanical boundary conditions, growing a ferroelectric film onto a much thicker
substrate can significantly induce stress to the ferroelectric. Epitaxial films are strained by
mechanical clamping when lattice parameters and/or thermal expansion coefficients of film and
substrate differ. This clamping effect alters the film’s physical properties like phase transition
temperature TC and magnitude of spontaneous polarization PS [52]. As the lattice deformation
is directly coupled to the polarization, ferroelectricity can even be generated by straining thin
films of materials that exhibit no ferroelectric phase in the bulk like SrTiO3 (STO) [53]. Anyway,
in praxis the synthesis of a uniformly strained film is challenging as the films readily approach
a critical thickness where inhomogeneous strain relaxation takes place. In order to reduce the
film’s elastic energy, ferroelastic 90◦ domains (cp. section 2.1.4) and misfit dislocations are
generated [54–57]. This strain relaxation is film thickness-dependent and contributes to extrinsic
size effects as ferroelectric properties are degraded [58].
Mechanical strain and its relaxation mechanisms are consistently studied by means of epitaxial
thin films where defined strain states can be adjusted. Nevertheless, non-epitaxial films and
laterally defined three dimensional ferroelectric nanostructures are subject to strain, too. Stress
is for example generated when the thermal expansion coefficients of the ferroelectric and the
substrate differ or where the ferroelectric is cooled through the phase transition temperature TC
after deposition. It was for example shown that misfit dislocations induce a significant extrinsic
contribution to size effects in three dimensional ferroelectric nanoislands [59, 60].
Note, that boundary conditions can have a strong impact on the physical characteristics of a
ferroelectric structure, but that no extrinsic size effects are generated as long as their influence
(electrical and mechanical) remains constant in terms of scaling. This implies that a ferroelectric
structure can be considered only by taking the surrounding system into account. Announcing
general ferroelectric properties and size limits has therefore to be handled with care.
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3 Ferroelectric Nanostructure Processing
As already discussed within the introduction of this work, due to their large variety of functional
properties (cp. section 2) ferroelectric oxides are candidates for a wide field of applications in
information technology and hence, already passed the border to existing commercial devices
[4, 5, 8, 10, 61]. Remaining competitive to alternative technologies however requires progressive
downscaling of the ferroelectrics in the future. One of the basic questions to be answered is
how highly registered ferroelectric nanostructure arrays can be patterned in a cost effective way
with a high throughput. The present chapter gives a brief summary on the main processing
methods as presented in literature so far. The applied methods can be generally classified into
the following categories: lithography based approaches, self-assembly approaches6 and hybrid
routes. The main advantages and drawbacks of the respective methods will be discussed in the
following, motivating the seeded growth approach as introduced in our studies.
3.1 Lithography Based Approaches
Approaches that are based on lithographic processes generally offer a good size and registration
control even down to nanoscale dimensions, a necessity to address single ferroelectric cells in
possible devices. Regarding subtractive top-down approaches, Focused Ion Beam (FIB) milling
and chemical dry etching were applied to pattern ferroelectric nanocells. The main drawback
inherent to these approaches is their erosive nature, damaging the ferroelectric structures during
definition. This not only deteriorates the ferroelectric properties but furthermore hampers the
differentiation between “real” intrinsic size-effects of the ferroelectric material and artifacts that
are induced by the fabrication process.
Using the FIB technique, ferroelectric capacitor structures were directly milled out of complete
layer stacks using a Ga+ ion beam with an accelerating voltage of 50 kV. Single Nb-doped
lead zirconate titanate Pb(ZrxTi1-x)O3 (PZT) and SrBi2Ta2O9 (SBT) capacitors provided with
platinum and oxidic La1-xSrxCoO3 (LSCO) electrodes down to 70× 70 nm2 in lateral dimensions
were fabricated [11, 12, 62]. The surface damage induced by the Ga+ ion beam was partially
recovered by a post-milling annealing step, it was shown however that an about 10 nm thick
dielectric surface layer remained [63]. Due to its sequential nature and slow processing speed
the FIB technique in addition only allowed for the production of single capacitors. Real arrays
of ferroelectric nanostructures were achieved using a dry-etching process for structure definition.
Here, round PZT single crystals with lateral dimensions down to 100 nm in diameter were
6Terms like self-assembly or self-patterning are typically used to express local structural ordering (assembly)
or long range ordering (patterning). To express similar mechanisms with weaker coupling they are also used for
bottom-up growth of ferroelectric nanostructures in the community.
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patterned on Nb-doped STO. For etching the ferroelectric layer, a Cr hard mask was structured
by lift-off using Electron Beam Lithography (EBL) with a poly(methyl methacrylate) (PMMA)
resist [64]. An increase in piezoelectric response towards smaller lateral cell dimensions was
attributed to stress release. Similar results were obtained for FIB milled capacitor structures
compared to films with a structured top electrode [65].
In addition to the subtractive approaches, non-erosive additive approaches were applied for
the fabrication of ferroelectric nanostructure arrays. Here, the ferroelectric structures are
crystallized subsequently to the patterning process. Hence, no deteriorating influence of the
fabrication process on the ferroelectric properties is expected. One of the approaches applied
was electron beam direct writing (EBDW), where the ferroelectric cells to be patterned were
directly irradiated with electron beam in a metalorganic precursor solution. After removal of
the unexposed areas, the amorphous metalorganic mesas were crystallized into the ferroelectric
phase [66]. Optimizing the process yielded large arrays of polycrystalline PZT and SBT cells
down to about 100 × 100 nm2 in lateral dimensions [67–69]. Although EBL can be used
for patterning large-areas of high-density ferroelectric nanostructures, being a serial process
it features no industrial throughput. This especially holds true in case of EBDW where the
radiation doses are relatively high. A process that is far more qualified for low cost, high
throughput processing is nanoimprint lithography (NIL). Using this technique it was possible to
fabricate arrays of polycrystalline PZT cells on Pt-coated silicon and Nb-doped STO substrates
[70]. For this, PZT precursor solutions were deposited onto the substrates using a CSD technique
and imprinted with silicon molds. Despite of the advantages the NIL approach principally offers,
the achieved lateral cell dimension were limited to about 300 nm so far. The reason for this are
sticking of the precursor solution to the mold and a loss of cell shape during crystallization.
3.2 Self-Assembly Approaches
Fabrication routes based on self-assembly are promising as they can overcome some of the
drawbacks that are related to lithography based approaches, primarily the low throughput and
processing induced damage. In addition, it is expected that much smaller feature sizes can be
obtained when growing ferroelectric nanostructures bottom-up using self-assembly techniques.
The first studies that presented ferroelectric nanocells based on a self-assembly approach made
use of Bi segregation in epitaxial Bi4Ti3O12 (BTO) films that were deposited by pulsed laser
deposition (PLD) [13]. The excess Bi migrated to the surface where it formed square metallic
like mesas with edge lengths in the range of 125 nm to 200 nm. Although the presence of
top-electrodes in principal allowed for direct electrical characterization, no hysteresis loops
were acquired on single capacitors due to the small electrode dimensions and the significantly
reduced switching charge [71]. Despite these studies were among the first dealing with the
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concept of self-assembled ferroelectric nanocell fabrication, studies in literature rather deal with
the self-assembled growth of ferroelectric nanostructures than nanoelectrodes to reduce possible
cross-talk.
Basically two different approaches can be distinguished: making use of the initial growth stages
during vapor deposition or utilizing a microstructural instability of thin films in CSD processing.
Both approaches rely on the same mechanism, i.e. that in particular in presence of lattice
mismatch between the substrate and the deposited material an island configuration becomes
energetically more favorable compared to a thin film configuration when small amounts of
material are deposited. Using metal-organic chemical vapor deposition (MOCVD), ferroelectric
island formation was observed and studied during initial growth stages of PTO and PZT thin
films [72]. While an island growth mode was observed on Pt(111)/SiO2/Si(100) substrates
(Volmer-Weber), islands on STO(100) and SrRuO3(100)/STO(100) substrates showed a layer-
than-island growth mode (Stranski-Krastanov) [73]. Making use of the epitaxial relationship
to the substrate, the perovskite islands were formed by their low-energy {100} facets either
triangular shaped on (111)-oriented substrates (Pt(111)/SiO2/Si(100) and Pt(111)/STO(111)),
triangular-prism shaped in case of (110)-oriented substrates (Pt(110)/STO(110)) or square shaped
when the substrates featured a (100) orientation (Pt(100)/STO(100)) [74–76]. Depending on
their respective orientation the islands reached lateral and vertical dimensions well below 100 nm
and were ferroelectric. The smallest PTO island on which ferroelectricity was demonstrated was
38 nm wide and about 2 nm high [77].
A microstructural instability of ultrathin perovskite films during CSD processing was first
reported by Seifert et al. [78]. Growing epitaxial PTO films on single crystal (001) STO
substrates they found that for film thicknesses ≤ 80 nm holes developed during crystallization.
Towards thinner films these holes grew and caused breaking of the film into single crystal PTO
islands. They described this phenomenon by a free energy model based on the minimization
of the overall surface and interface energies. The microstructural instability of thin films
was adapted to polycrystalline substrates by Roelofs et al. in order to grow PTO islands on
Pt(111)/TiO2/SiO2/Si(100) and study size-effects [30, 79]. PTO grains of sizes below 15 nm were
fabricated and it was found, that grains smaller than approximately 20 nm in lateral dimensions
exhibited no piezoelectric response whereas larger grains clearly showed ferroelectric behavior.
This was attributed to a size dependent phase transition into a superparaelectric state. Using
the approach of Seifert, Szafraniak et al. grew PZT crystals epitaxially on single crystalline
Nb-doped (001)-oriented STO substrates [80]. The lowest initial film thickness resulted in grains
with lateral dimensions ranging from 40 to 90 nm and a thickness of around 10 nm. Grains
below 25 nm in height showed no piezoelectric hysteresis which was attributed to defects like
interface dislocations.
20 3 Ferroelectric Nanostructure Processing
The major drawbacks that self-assembly approaches have to deal with is the wide size distribution
of the deposited crystals as well as the poor level of registration. In order to find out to which
extent a self-patterning i.e. a self-registration is achievable, Dawber et al. analyzed the PZT
crystals of Szafraniak et al. and the BTO electrodes of Alexe et al. in terms of substrate
mediated strain interactions [81]. According to this theory (that was initially derived to describe
the formation of Ge islands on Si(100) [82]), ordering is achieved by repulsive interactions
between the islands that are mediated via strain fields in the substrate. It was shown that the
shape and grain size distributions were in good agreement with Shchukin-Williams theory. Their
main conclusion however was that highly ordered arrays of ferroelectric cells will not occur in
absence of any pre-patterned field i.e. a specially engineered substrate (see section 3.3.2).
3.3 Hybrid Routes
An increasing amount of recent studies focuses on patterning methods that try to combine the
respective advantages that lithography and self-assembly approaches offer. These patterning
techniques can be regarded as hybrid routes that either use self-assembled stencils as deposition
masks for ferroelectric nanostructures or specifically engineered substrates to force guided
self-assembly.
3.3.1 Stencil Based Approaches
Structuring methods that are based on deposition masks feature a large-area registration control
while at the same time avoiding the induction of damage during patterning. Based on well
ordered nanoporous alumina templates, large-area arrays of epitaxial La-substituted Bi4Ti3O12
(BLT) nanostructures were prepared on (001)-, (011)- and (111)-oriented SrRuO3/STO substrates
by PLD [83, 84]. In order to gain smallest structure dimensions, the alumina template pores were
transferred into gold nanotube-membranes that were used as lift-off mask [85]. The obtained
ferroelectric structures were about 150 nm in diameter on a 500 nm pitch featuring the hexagonal
array of the alumina template with no freedom of choice for other 2-D ordering.
An even more economic stencil based approach is a technique called “natural lithography” or
“nanosphere lithography”. Using this technique, hexagonal arrays of pyramid-shaped epitaxial
BTO nanostructures were deposited on Nb-doped (001)-oriented STO by PLD [86]. A monolayer
of either 1 µm or 0.5 µm polystyrene latex spheres served as lift-off mask. The BTO pyramids
were about 230 nm respectively 160 nm wide at half their height and exhibited a preferential
downward polarization (imprint) that was attributed to an interfacial domain locking [87].
Changing the ambient gas pressure during PLD yielded BTO nanocrowns instead of pyramids
[88].
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One of the main drawbacks inherent to these stencil based approaches is the need for an ex-situ
crystallization step. This can change the crystallographic structure and shape of the deposited
cells after patterning as for example the case for polycrystalline SBT nanostructures on (111)-
oriented Nb-doped STO fabricated with nanosphere lithography [89]. Besides, the achievable
structural dimensions and arrangements are directly related and therefore restricted to the mask
layout. Using stencils that are based on a self-assembly processes like nanoporous alumina
or nanospheres, the ordering of the ferroelectric cells is limited to hexagonal arrangements.
In addition, in case of nanosphere lithography stacking faults occur that significantly degrade
the structural alignment. This can be overcome when purely lithographic defined patterning
masks are used. Exemplarily, silicon nitride (SiN) masks were applied as shadow masks to
obtain large arrays of 120 nm wide PZT nanodots with an inter-dot distance of about 200 nm on
SRO/STO(001) substrates using PLD [90]. Anyway, the patterning process of the SiN layers
was rather complex, based on EBL and therefore not suited for hight throughput fabrication.
Using parallel laser interference lithography for SiN mask definition, polycrystalline BTO arrays
down to 300 nm in diameter were patterned. Although this method features a higher throughput,
it is again limited to periodic arrangements [91].
3.3.2 Nucleation Site Concept
The basic idea behind the nucleation site concept is to engineer the substrate in such a way that
nucleation and growth takes place at predefined sites that feature a reduced nucleation activation
energy. When these sites are highly ordered the ferroelectric will grow highly arranged as well.
Preferential nucleation sites are for example generated by strain fields (cp. section 3.2) or by
topographic surface features [92].
As explained in the introductional part, within our studies a concept based on pre-defined
TiO2 nucleation sites was followed as suggested by Schneller et al. [16]. The concept is
based on findings, that crystalline few nanometer thick TiO2 films are very efficient as seed
layers when growing lead based ferroelectric perovskites on textured (111)-platinized substrates
[17, 18, 93]. It was found, that ultrathin titania layers lower the nucleation energy of the
perovskite phase, promote crystal growth in (111) orientation and are finally transformed into
PTO during crystallization [18]. A scenario that was suggested for this seeded growth by sputter
deposition describes an affinity layer that actively takes part in the chemical reactions [94].
Briefly, PbO is attached to the TiO2 surface, preventing its desorption and providing the correct
hexagonal coordination of the (111)-oriented perovskite lattice. While the promoted embryonic
nuclei grow, PbO sinks into the seeding layer and the TiO2 becomes unstable, transforming into
the perovskite phase. Although it was initially stated that the TiO2 seeding layers are likely
rutile (110)-oriented, recent results indicate that it is rather the rutile (100) phase that promotes
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nucleation and growth of the (111)-textured perovskite films [94].
As will be shown in this work, the approach of using TiO2 nucleation sites is promising for
ferroelectric nanostructure processing as it combines several of the advantages that self-assembly
and lithography based approaches offer, i.e. highly registered ferroelectric nanostructure arrays
with smallest structural dimensions that are fabricated without any deterioration induced by the
patterning steps.
In parallel to our studies, the functionality of the seed concept was demonstrated for sputter
deposited lead based ferroelectric perovskites. 120 nm to 150 nm wide PZT crystals were grown
onto 150 nm wide TiO2 nucleation sites that featured a 500 nm pitch distance [95]. The merely
2 nm thick TiO2 seed layer was epitaxially grown onto (111)-oriented Pt/STO substrates and
structured by means of a Cr hard mask and EBL. With varying initial PbO flux, either square
shaped grains indicating a (100) orientation (large PbO flux) or triangular shaped grains indicat-
ing a (111) orientation (low PbO flux) were grown. Inspired by these results, self-assembled
diblock-copolymer micelles [96] were used for preparation of the TiO2 nucleation sites in order
to improve throughput and to gain even smaller nucleation site dimensions [97]. For this, a
gold loaded micellar monofilm was deposited onto polycrystalline Pt(111)/TiO2/SiO2/Si(100)
substrates with a TiO2 top layer, using the gold clusters for structuring the TiO2 film by reactive
ion etching. The resulting nucleation sites of merely 12 nm featured a poor arrangement however
as the gold load was small compared to the inner micelle diameter. Besides, no ferroelectric
properties of the CSD prepared PTO grains were demonstrated.
Reversing the nucleation site concept was suggested by Nagarajan et al. [98]. Based on findings
that only adequately thin, crystalline TiO2 layers are effective in seeding the perovskite phase
[18], they spin-coated amorphous, 50 nm thick TiO2 layers on Pt/TiO2/Si substrates and provided
them with holes ranging from 100 nm to 500 nm by FIB. A low-temperature PZT precursor
(∼ 400◦C) was deposited and crystallized, resulting in a perovskite PZT phase that only emerged
within the milled holes. Although it was stated that the amorphous TiO2 layer actively drives
away the PZT nucleation, it is as likely that a non-ferroelectric Ti-rich phase nucleates on top of
the TiO2 layer and at the side walls of the holes. A notable side effect of the method is that the
patterned ferroelectrics are readily integrated within a dielectric matrix layer after deposition.
4 Experimental Methods - Sample Preparation
The present chapter focusses on the main technological processes and materials that were applied
for sample preparation. Regarding technology, the basic process functionalities will be discussed
against the background of the available equipment. Concerning materials, the focus lies on
general material processing and properties rather than characterization. Characterization as was
carried out within the framework of process integration will be discussed as part of the results
and discussion chapter.
4.1 Chemical Solution Deposition
A highly versatile and flexible deposition method for the fabrication of electroceramic thin films
is the CSD technique [99, 100]. It is based on deposition of films from the liquid phase and
actually comprises a wide range of deposition methods and chemical routes. The common
features that all those techniques comprise are an excellent control of the film composition by
adaptation of the coating solution stoichiometry and a straightforward deposition on even large
substrates.
The first routes for deposition of electroceramic oxide films by CSD were developed in the
eighties [101, 102]. The starting point of a CSD process is always the preparation of a suitable
precursor solution that provides the needed metal atoms for the thin film. Metallo-organic
compounds serve as precursor reagents. Those have a metal cation M bound to an organic group
R (a so called ligand) mainly via oxygen atoms. Depending on the chemical route applied, these
might be alkoxides (M(OR)x) or carboxylates (M(OOCR)x) for example. The precursors are
dissolved in appropriate solvents and mixed in a stoichiometry that sets the composition of
the final film. The coating solution can be deposited with various techniques. In this work a
spin-coating process was used, employing a commercial photoresist spinner for dispensing the
solution homogeneously on the substrate. After deposition, the as-deposited film may undergo
various gelation reactions. In order to obtain the desired oxide phase, heat treatments are carried
out. Those include drying of the film by removing residual solvent, burning out of organic
molecules (pyrolysis) and finally crystallization.
In the present work a CSD process was applied for preparation of ferroelectric PTO nanoislands
as well as dielectric aluminum oxide (Al2O3) thin films used as embedding matrix for the
functional structures. Besides, low-k dielectric glasses that are discussed in sections 4.1.3 and
4.1.4 were deposited using a CSD technique.
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FIGURE 4.1: Flow chart of PTO precursor synthesis based on a simplified one pot reaction using
anhydrous lead (II) acetate and titanium tetrabutoxide as starting compounds. The chemical route was
derived from analog synthesis routes for PZT thin films as published lately [105].
4.1.1 Preparation of Lead Titanate Nanoislands
Ferroelectric PTO nanostructures were prepared using a modified 2-butoxyethanol (EGMBE)
based CSD process according to Ref. [103, 104]. The applied route is a sol-gel process
with anhydrous lead (II) acetate (Pb(CH3COO)2) and titanium tetrabutoxide (Ti(OOnBu)4)
as starting compounds as illustrated in Fig. 4.1. The 1 M stock solution including a 15 %
lead excess is prepared in a simple one pot reaction. Calculated quantities of lead (II) acetate
and titanium tetrabutoxide are solved in EGMBE and refluxed at 130◦C for 2 hours under
nitrogen. After vacuum destillation of esters and solvents, EGMBE is added to adjust the stock
solution concentration to 1 M. The 15 % lead excess is added to compensate for lead loss during
crystallization of the films.
Deposition of the stock solutions was carried out in a class 1000 clean room environment. (100)
silicon wafers with highly (111)-oriented, 100 nm thick polycrystalline platinum electrode layers
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FIGURE 4.2: SEM images of a 0.17 M PTO precursor solution on a platinized silicon wafer after
pyrolysis (top) and crystallization (bottom). Whereas the pyrolized film uniformly covers the substrate, it
breaks up into separated island structures during the crystallization process.
on top served as substrate7. Naturally the aim of CSD processing is to obtain dense epitaxial or
polycrystalline thin films. When applying highly diluted precursors however, rather nanoscaled
islands are obtained on the substrate than continuous films due to a microstructural instability of
thin films (see section 3.2). Here, the films break up into single islands during crystallization
as shown in Fig. 4.2. The stock solutions were therefore re-diluted to different extents by
adding EGMBE prior to deposition and filtered through 0.2 µm teflon filters to remove any
contaminative particles. Spin-coating was carried out at a revolution speed of 3500 rmp under
nitrogen. Drying and pyrolysis of the wet films was done in a single step for 2 minutes at
350◦C on a hot plate resulting in amorphous thin films. Finally, the samples were annealed at
temperatures around 700◦C in oxygen atmosphere, yielding nanosized perovskite PTO grains
on the platinized substrates.
A SEM image of such PTO islands is depicted in Fig. 4.3. The illustrated grains were prepared
with a stock solution diluted to a 0.17 M concentration and crystallization at 700◦C using a Rapid
Thermal Processing (RTP) tool. Although the PTO island arrangement is random, there are
preferred nucleation sites for the crystals − at the grain boundaries of the underlying platinum
electrode.
7The exact substrate composition is: Si/SiO2-100 nm/TiO2-15 nm/Pt(111)-100 nm
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FIGURE 4.3: Nanosized self-assembled PTO islands grown by CSD on a platinized silicon substrate
using the modified EGMBE route based on a simple one pot process as described. The precursor solution
concentration was set to 0.17 M. As pointed out in the SEM image and illustrated by the schematic on the
bottom, the PTO islands preferentially nucleate at grain boundaries of the underlying platinum electrode.
4.1.2 Preparation of Aluminum Oxide Thin Films
Al2O3 thin films were prepared by a sol-gel process with aluminum secondary butoxide
(Al(OsBu)3) as starting compound as illustrated in Fig. 4.4. The applied method is described in
Ref. [106]. Initially, the aluminum compound is solved in 2-propanol and modified by a reaction
with acetylacetone to desensitize it against hydrolysis. The acetylacetone occupies one site of
the aluminium secondary butoxide for condensation and makes the oligomers more soluble
in organic solvents. The mixture is stirred under nitrogen for 1 hour and finally diluted to a
concentration of 0.5 M with 2-propanol.
After filtering the stock solution through 0.2 µm teflon filters, it was spin-coated onto the
substrates at revolution speeds between 1000 rpm and 6000 rpm, depending on the desired
layer thickness (cp. section 6.3.1). For drying and pyrolysis of the wet films, hot plates at
temperatures around 450◦C were used, resulting in amorphous thin films as depicted in Fig. 4.5.
No crystallization step was carried out as the films serve as insulating matrix for the functional
PTO islands. In case of the chemical route discussed, pyrolysis of the organic species is
completed at 450◦C and initiation of crystallization takes place at temperatures of 800◦C [106].
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FIGURE 4.4: Flow chart of the Al2O3 precursor synthesis based on a sol-gel process using aluminum
secondary butoxide as starting compound. The starting compound is solved in 2-propanol and acety-
lacetone is added, leading to an exothermic reaction which modifies the aluminum secondary butoxide
making it less sensitive for hydrolysis.
FIGURE 4.5: Cross sectional SEM image of an 65 nm thick amorphous Al2O3 film that was deposited
using the presented route for solution synthesis and pyrolized on a hot plate at 450◦C for 1 hour. The
deposited films are homogeneous and dense. For heat treatments around 700◦C, the film morphology
becomes more granular.
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FIGURE 4.6: Molecular structure of silsesquioxanes dielectric materials. The most common representa-
tives as displayed are the ladder structure and the cage structure with eight silicon atoms at the corners
of a cube (T8 cube). Other structures are amorphous network structures and cage structures with an
increased amount of silicon atoms (e.g. T10 or T12 cube). Image adapted from [110].
4.1.3 Spin-On Glass Dielectrics - Silsesquioxanes
Flowable spin-on glass (SOG) dielectrics that are spin-coated onto a substrate feature excellent
gap-fill and planarization properties as they are dispensed in a liquid state. After curing, a
layer of low permittivity glass (εr ≤ 4) with characteristics similar to those of SiO2 is formed.
In semiconductor industry low-k SOG dielectrics are therefore widely used as inter-layer
dielectric (ILD) or overcoat passivation in the manufacture of IC’s [107]. Here not only the local
planarization properties are of importance (as described in section 4.2), but also the low dielectric
constant as it reduces theRC time i.e. the interconnect delay in multilevel metallization schemes.
For embedding and integration of the ferroelectric nanoislands, two low-k dielectric SOG
materials were applied: FOx-12 (Dow Corning Inc.) and ACCUGLAS T-11 (Honeywell Inc.).
Both precursors are based on silsesquioxanes− polymers with the empirical formula (R-SiO3/2)n
[108, 109]. The name silsesquioxane is derived from the one and a half (sesqui) stoichiometry
of oxygen bound to silicon. For the applied SOG precursors, the molecular structure of the
silsesquioxanes is a mixture of mainly cage and ladder like structures as illustrated in Fig. 4.6.
FOx-12 is an inorganic polymer that contains hydrogen bonded to the silicon atoms in the Si-O
backbone (R = H, therefore hydrogen silsesquioxane (HSQ)). ACCUGLAS T-11 includes an
organic substitution of 10 wt% CH3 groups to silicon (R = CH3, methyl silsesquioxane (MSQ)).
The low dielectric constant of the materials is due to the low polarizability of the Si-R bond in
comparison to the Si-O bond in SiO2 [109]. Moreover, the presence of cage structures increases
the larger free volume of the films compared to films of amorphous SiO2 networks [111].
In order to obtain mechanically stable films, cross-linking of the silsesquioxane polymer struc-
tures is achieved by thermal curing of the films after deposition. This curing step is usually
carried out at temperatures around 400◦C in inert (nitrogen) atmosphere in order to prevent
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oxidation of the films. In the presence of moisture, hydrolysis and condensation reactions take
place that increase the transformation of silsesquioxanes into amorphous SiO2. Here, functional
Si-R groups are dissociated and Si-OH silanol groups are formed. Two or more of those silanol
groups can subsequently condensate into Si-O-Si under elimination of H2O [110, 112]. This
especially holds true in case of HSQ, as the Si-H bonds have a lower dissociation energy com-
pared to the Si-CH3 bonds in MSQ [111, 113]. The extensive loss of functional side-groups
is accompanied by a structural transformation of the films, as cage structures are broken and
three-dimensional network structures are formed. This results in an increase in refractive index
of the films and might even evoke a collapse of the porous film network and film shrinkage.
When curing under nitrogen atmosphere, it is proposed that cross-linking is mainly due to a
redistribution reaction involving the exchange of Si-O and Si-H bonds in case of HSQ [114, 115].
During such an exchange process SiO4/2 is formed analog to:
2HSiO3/2↔ H2SiO2/2 + SiO4/2. (4.8)
As the exchange of Si-O and Si-H bonds is continued, finally silane groups are formed:
4HSiO3/2↔ SiH4 + 3SiO4/2. (4.9)
Another cross-linking mechanism is the exchange of Si-O bonds between oligomer units:
2(HSiO3/2)n↔ (H2Si2O3)n. (4.10)
At higher temperatures (≥350◦C), thermal dissociation of Si-H bonds occurs in addition to the
redistribution reaction, resulting in the evolution of hydrogen and the formation of silicon rich
oxide
2H2SiO↔ 2H2 + = OSi-SiO =, (4.11)
and a continuous cure finally leads to the formation of amorphous silicon oxide.
Regarding MSQ based polymers, one can expect that similar cross-linking mechanisms for
curing under nitrogen atmosphere apply as well. Compared to HSQ, the inset of degradation
by thermal dissociation of the side-groups is at higher temperatures (around 600◦C) due to
the higher dissociation energy of the Si-CH3 bonds. Besides, the organic CH3 methyl groups
provide a hydrophobic surface, making MSQ films increasingly resistant to ambient moisture
compared to HSQ [113, 116].
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FOx-12 ACCUGLAS T-11
Storage & Preparation teflon cups HDPE bottles
Dispensation
Dilution methyl isobutyl ketone
(MIBK)
blended solvent combination
Spin-Coating pre-spinning at 500 rpm no pre-spinning but nitrogen
purge prior to deposition
Hot Plate Bake 150◦C / 220◦C
both for 2 minutes
80◦C / 150◦C / 250◦C
all for 1 minute
Cure RTP under 200 sccm N2 diffusion oven under
10 slm N2
TABLE 4.2: General process parameters that were applied for deposition of the SOG dielectrics. The
different equipment for storage, dispensation and cure are mainly due to the fact, that the HSQ films were
processed in an external clean room. The blended solvent combination for dilution of the MSQ precursor
is a combination of 20.2 % ethyl alcohol, 48.0 % isopropyl alcohol (IPA), 23.7 % acetone and 8.1 % butyl
alcohol (all in weight %) as suggested by the supplier [117].
4.1.4 Spin-On Glass Dielectrics - Processing
As the name indicates, SOG dielectrics are deposited by a spin-coating process analog to a
CSD process that is carried out under closely defined environmental conditions (21◦C, relative
humidity ≈ 35 %). This step is followed by a hot plate bake sequence, successively increasing
the temperatures to allow gradual solvent evaporation. In order to initiate cross-linking of the
polymer chains, the films are finally cured at temperatures around 400◦C in nitrogen atmosphere.
Handling of the SOG precursors regarding storage, preparation and dispensation on the wafer
is sensitive, especially as they readily react with ambient humidity. The precursors have to be
stored at temperatures between -2◦C and 5◦C to increase shelf life. This means, that before usage
the precursors have to be allowed to equilibrate at room temperature. Besides, the flowable oxide
precursors react with glass. Storage, preparation (e.g. dilution) and dispensation are therefore
carried out in HDPE8-bottles or teflon-cups using polyethylen pipette tips.
The basic process parameters that were applied for deposition of the SOG dielectrics within
the present work are listed in Table 4.2. Basically, the processing instructions as given by the
suppliers were followed [118]. Processing of the films was carried out in class 1000 clean room
environment. For spin-coating commercial photo resist spinners were used.
8HDPE = High Density Polyethylen
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FIGURE 4.7: Schematic of a CMP setup with the polishing table and the wafer carrier assembly.
Enlarged: the contact area between wafer, slurry and pad.
4.2 Chemical Mechanical Polishing
CMP was developed at the IBM laboratories in the mid 1980s [119]. It was driven by the need
for planarization of multilevel interconnects, as an increasing number of circuit levels builds
up a topography that results in step coverage problems of the deposited metal films. Besides,
higher integration densities require an enhanced global substrate planarity as recent lithography
tools employ high numerical aperture lenses with a shallow depth of focus. Regarding the ever
growing number of circuit levels in modern IC’s, CMP is used at various stages of IC fabrication
nowadays and therefore a fast growing market in semiconductor industry [120].
The basic setup of a CMP tool is depicted in Fig. 4.7. The wafer to be polished is placed
into a rotating wafer carrier (the polishing head) and pressed face down onto a polishing pad
on a likewise rotating polishing plate. Basically, the CMP process can be regarded as an
improved combination of chemical etching and mechanical polishing. The polishing slurry that
is dispensed onto the polishing pad contains both chemical reagents and nanoscaled abrasive
particles. The solution chemistry attacks and weakens the wafer surface while the pressure and
velocity induced to the abrasive particles result in material removal. An adequate description for
the material removal rate (MRR) in CMP is given by the Preston equation [121]:
MRR = Kp · P (x, y) · v(x, y). (4.12)
According to this equation, the removal rate directly depends on the applied pressure P (x, y) and
the relative motion between wafer and polishing pad v(x, y). Anyway, the CMP process involves
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an increased amount of input variables, e.g. the slurry composition and the pad properties. Those
are comprised in the preston coefficient Kp but the exact dependencies are not well understood
to date. In case of SiO2, copper or tungsten CMP, the preston equation gives a reasonably
accurate description for the material removal rates [122] and is still used as starting point for
continuative studies [123, 124].
The main advantage of CMP becomes apparent at a glance at the Preston equation: when
using rigid, incompressible polishing pads, high surface features are subject to an increased
pressure P and therefore polished faster compared to low wafer areas. This leads to a global
planarization of the sample surface. Such plane surfaces in terms of both local and global
planarization are neither obtained by pure chemical etching processes (only local planarization),
nor by mechanical polishing that might achieve global planarization but induces distinct surface
damage to the wafer. For this reason, the abbreviation CMP is usually used synonymously for
Chemical Mechanical Polishing as well as Chemical Mechanical Planarization. As we will see
in chapter 6.4, within the present work “CMP” only refers to Chemical Mechanical Polishing,
as the polished substrates already feature a global planarity and the polishing tool setup is not
suitable to obtain homogeneous planarization on a global scale (cp. section 6.4.1).
4.2.1 Oxide Polishing Principle and Slurry
As the polished dielectric layers in this work are primarily SiO2 based materials, the basic model
of the interactions during oxide CMP as analog to Ref. [122] is briefly presented. In oxide (i.e.
silicon oxide) CMP, water provides the chemical component of the polishing process. It enters
the oxide surface under static pressure and weakens the glass network by breaking the Si-O
bonds according to:
≡ Si-O-Si ≡ + H2O↔ 2 Si-OH (4.13)
When many Si-O bonds are hydrated at the oxide surface, Si(OH)4 is formed which is highly
soluble in water at high pH-values (>10). This process is accelerated by compressive stress due
to the abrasive particles from the slurry. The dissolved Si(OH)4 is swept away from the vicinity
of the surface by absorption onto the abrasive particles and the motion of the slurry. Additional
shearing forces occur due to chemical bonds between the abrasive particles and the SiO2. This
so called “tooth-effect” increases the probability that material is removed from the surface and
is pronounced for the abrasive materials CeO2 and ZrO2.
In the present work a commercial available colloidal silica slurry for oxide CMP is used for
polishing (Syton-SF1, Logitech Inc.). It contains abrasive SiO2 particles of about 30 nm in
diameter that are stabilized in potassium hydroxide (KOH). The pH value of the slurry is 10.3.
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FIGURE 4.8: PM4 tabletop polishing tool used for CMP processing. The friction based polishing head
drive is based on a self-constructed head support that holds a flexible shaft connected to a friction roller
(red roller as depicted) and was recently installed.
4.2.2 Polisher Setup
CMP processes in this work are carried out on a PM4 tabletop precision lapping and polishing
machine (Logitech Inc.). As the PM4 tabletop polisher is not a dedicated CMP tool in terms
of achieving global planarity on a wafer scale, using such a tool for Chemical Mechanical
Planarization requires extensive modifications to the setup. Anyway, even on modified tabletop
polishing tools planarization processes are extremely difficult to control [125]. This especially
holds true for polishers that are situated outside of a clean room environment and used in parallel
for continuous lapping and polishing processes as in our case. As we will see in section 6.4,
for the sample preparation as discussed in this work, it turned out that rather polishing of an
already plane surface is needed than planarization of surface topographies. Therefore, promising
polishing results were obtained using the available resources of the PM4 polisher.
The basic setup of the polishing tool is shown in Fig. 4.8. The rotational drive of the 12”-
polishing plate can be controlled in a range of 0−75 rpm. The support of the polishing head, that
is guided by two roller arms, is attached to a sweep arm station that can be coaxially oscillated
between 0−50 Hz. The samples to be polished are bonded with thin film wax to the center of
round, double-sided lapped glass substrate carriers that are placed into the recess underneath
the polishing head. This recess in shown in Fig. 4.9. The contact pressure on the substrate can
be adjusted by changing the z-position of the polishing head piston and therefore the pressure
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FIGURE 4.9: Polishing head recess in which the glass substrate carriers are placed. The polishing
pressure onto the substrates can be adjusted by changing the pressure distribution between the inner
recess and the outer retaining ring of the piston-action polishing head. The retaining ring is grooved to
support slurry flow to the sample.
distribution between the inner recess area and the outer retaining ring. In addition, the recess
area is provided with holes, so the glass substrate carriers can be temporarily fixed to the wafer
carrier by intake pressure during polishing.
A modification that was adapted to the initial tabletop polisher setup is a rotary drive for the
polishing head, which allows for a tunable and above all stable head rotation also at lower pad
velocities. For this, a designated polishing head support was constructed: One roller arm holds a
flexible shaft that is terminated by a motor driven friction roller. The motor used to drive the
roller is a Multifix lab drive (MEL 3000). The polishing head support including the red friction
roller is shown in the photograph of Fig. 4.8.
4.3 Electron Beam Lithography
EBL is the method of choice when a high structural resolution in nanoscale dimensions is
required and throughput is of minor importance. A schematic view of an EBL tool is displayed
in Fig. 4.10. Basically the setup of is that of an SEM, extended by a beam deflection system,
a beam blank as well as a precisely positionable wafer stage (x-y table). The electrons are
generated by an electron gun, either by thermionic emission, field emission, or a combination of
both approaches (Schottky emission) and accelerated into an electron-optical column where they
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FIGURE 4.10: Schematic of an electron beam lithography tool. The basic modifications compared to an
SEM are marked in blue. The electron gun that generates the electron beam is highlighted by a red circle.
are formed to a beam and focused on the resist coated wafer surface. The pattern to be written
is given by a CAD file and translated into movements of the electron beam by controlling the
deflection coils or by moving the wafer stage. A beam blanker unit switches the beam off where
required.
The minimum feature size (MFS) that can be resolved in lithography is a function of the
transmission medium wavelength λ as described by the Rayleigh-Criterion [126]:
MFS = k1 · λ
NA
. (4.14)
Here, NA is the numerical aperture of the optical system and k1 is a constant that accounts for
any non-ideal behavior of the processing equipment as well as all process influences that are
not related to optics, mainly those of the applied resist (0.3 ≤ k1 ≤ 1.1). Regarding electrons
as transmission medium, their wavelength λ is much smaller compared to conventional light
sources and hence, wavelength is not the limiting factor for resolution anymore. In fact, the
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FIGURE 4.11: Schematic of the electron scattering processes in resist and substrate. Primary electrons
(PE) enter the resist and are subject to forward scattering processes. This generates secondary electrons
(SE) that range through the resist. Backscattered electrons (BE) expose the resist from the backside due
to large angle scattering in the substrate. The interaction volume for backscattering strongly depends on
the kinetic electron energies and therefore on the acceleration voltage VA.
resolution limit in EBL is set by electron scattering in the resist and the subsequent patterning
process rather that by the electron optical system [127, 128].
The interactions between the incident electron beam and the resist coated substrate are displayed
in Fig. 4.11. The incoming electron beam is broadened due to inelastic scattering processes
(small angle forward scattering). At the same time, secondary electrons are generated that
straggle into the resist and increase the effective exposure width. Electrons that enter the
substrate are backscattered by elastic large angle scattering. This creates a background “fog”
that exposes the resist from the backside within a relatively large range (depending on the
accelerating voltage VA the radius from the incident beam spot might be several µm). As a result,
every distinct structure is affected by integrative backscattering from features in its proximity.
This effect, called the Proximity-Effect [129], is mathematically described by the proximity
function
Fp(r) =
1
pi(1 + η)
[
1
α2
exp
(−r2
α2
)
+
η
β2
exp
(−r2
β2
)]
. (4.15)
The proximity function is the sum of two Gaussian distributions, one describing the forward
scattering and one the backscattering with the standard deviations α and β respectively. η
denotes the ratio between back- and forward scattering and approaches values close to one [127].
As a result, the contrast is significantly reduced when patterns or gratings with high integration
densities are exposed as the overall background exposure significantly sums up. This is the main
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limiting factor for definition of nanoscaled structural arrays as used in the present work (cp.
section 4.3.1).
Within this study, EBL was employed to gain control on the arrangement and size distribution
of CSD prepared, bottom-up grown ferroelectric nanoislands. For this, a new method based
on artificial TiO2 nucleation sites is introduced. The results of this approach will be discussed
in section 6.2. The nucleation sites were defined by EBL using a route that was derived in
the framework of Ref. [130]. Initially, an EBPG 5 HR (Leica Inc.) electron beam pattern
generator was used for EBL. This tool was superseded by a EBPG5000+ (Vistec Inc.)9 pattern
generator in the course of our studies. While the EBPG 5 HR used a thermionic LaB6 emitter, the
newer machine has a ZrO/W Schottky emitter with a higher brightness (107 A/cm2 compared to
105 A/cm2) [131]. Both pattern generators feature a gaussian beam shape with a nanometer scale
resolution and use a vector scan scheme for patterning. Here, illuminated areas are addressed
directly in contrast to more time consuming raster scan methods that scan the entire wafer
surface.
4.3.1 Nucleation Site Patterning
The TiO2 nucleation sites in the present study were patterned using a lift-off process based on
positive tone resists. In this case, the structures to be transferred are directly exposed while the
unexposed resist areas remain after development. The choice of an adequate resist is important,
as its performance mainly determines the technology factor k1 in Eq. 4.14. PMMA resists were
applied as they feature highest resolution and contrast while at the same time having a decent
sensitivity [132].
For obtaining negative resist profiles for lift-off processing, a conventional PMMA polymer with
a (relatively high) molecular weight of 950 kg/mol was used in combination with a copolymer of
PMMA and methacrylic acid (MAA). The copolymer exhibits a much higher sensitivity as the
methacrylic acid reduces re-polymerization during electron exposure. For details on the applied
PMMA resists see Ref. [130]. The basic functionality of the two-layer resist system is illustrated
in Fig. 4.12. As the dot structures to be transferred were below 100 nm in lateral dimensions, the
overall resist thickness was adjusted to the same range [133]. Using a conventional resist spinner
the PMMA/MAA bottom layer was spin coated to a thickness of around 60 nm. The thickness
of the PMMA top layer − the layer that actually defines the resulting structure dimensions
− was set to 25 nm. The process parameters used for resist coating are listed in Table 4.3.
Due to the low revolution speeds required to obtain appropriate layer thicknesses, the initially
used bottom PMMA/MAA resist did not disperse well on small samples. For effective coating
9formally Leica
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FIGURE 4.12: Schematic of the two-layer resist process based on PMMA polymer resists. a) A two
layer resist system consisting of a PMMA top layer and a PMMA/MAA bottom layer is spin coated onto
the platinized silicon substrates; b) The resist layers are exposed by electron beam; c) After development,
an undercut resist profile is obtained as the lower copolymer resist is higher in sensitivity.
Resist Solids C. Solvent Coating Hot Plate Bake
Top Layer PMMA 950K 1% chlorobenzene 6000 rpm 180◦C, 2 min
Bottom Layer PMMA/MAA 1% 2-methoxyethanol 1000 rpm 210◦C, 2 min
Bottom Layer PMMA/MAA 3% 2-methoxyethanol 6000 rpm 210◦C, 2 min
TABLE 4.3: Overview of the top and bottom layer resists applied for nucleation site patterning and the
corresponding parameters for coating. The order names are AR-P 671.01 (PMMA 950 K), AR-P 610.01
(PMMA/MAA, 1 % solids c.) and AR-P 610.03 (PMMA/MAA, 3 % solids c.), all obtained from Allresist,
Strausberg Germany. The PMMA/MAA copolymer resists both have an MAA ratio of 33 % related to
the overall solids content.
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FIGURE 4.13: Schematic of the TiO2 nucleation site patterning. a) A 12 - 20 A˚ thick layer of titanium
is thermally evaporated on top of the structured resist mask with an evaporation rate of 0.8 A˚/s; b) The
resist mask is removed in an organic solvent using N-methyl-2-pyrollidone (NMP) for 24 hours followed
by slight ultrasonic agitation for 3 minutes. The titanium seed patterns on the substrate are then heat
treated at 700◦C in oxygen atmosphere using a RTP unit to ensure full oxidation of the titanium.
of square 1 cm2 substrates (as e.g. applied for CMP, cp. section 6.4), the bottom layer resist
was replaced by a resist with an increased solids content, yielding a similar film thickness at
increased spinning speeds. After electron exposure, all samples were developed in commercial
solvent (AR 600-55, Allresist Inc.) for 2 minutes, rinsed in isopropyl alcohol (IPA) for 2 minutes
in order to stop development, and finally blown dry with pure nitrogen.
For structural transformation into TiO2, a thin layer of titanium was thermally evaporated on
top of the developed resist mask analog to Fig. 4.13. Subsequently the resist was removed in
an organic solvent under slight ultrasonic agitation. This yielded titanium dot arrays on the
substrates. In order to ensure full transformation of the titanium into TiO2, the seeded substrates
were heat treated at 700◦C in oxygen atmosphere for 5 minutes. Figure 4.14 shows SEM images
of TiO2 nucleation sites on a platinum substrate. The smallest dots that were fabricated were
30 nm in diameter on a 75 nm pitch. Higher integration densities resulted in an increased loss of
contrast during exposure and development.
In order to increase the contrast by reducing the impact of backscattering electrons, the 100 nm
thick platinum bottom electrode as used for the self-assembled CSD preparation of PTO islands
(see section 4.1.1) was reduced to 30 nm in case of the nucleation site patterning. Besides,
only half of the desired dot size was exposed whereupon the structures were systematically
overdeveloped to increase process stability. Further lithographic parameters used for nucleation
site patterning are listed in Table 4.4. Note, that only those process parameters are listed that
were used for defining TiO2 dot arrays that were actually employed as nucleation sites. In
addition, the parameters are related to the new EBPG5000+ electron beam pattern generator. For
the process parameters obtained on the EBPG 5 HR tool (as for the smallest 30 nm nucleation
sites as depicted in Fig. 4.14) see Ref. [130].
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FIGURE 4.14: SEM images of TiO2 dot structures appearing as round shadows on the bright platinum
substrate. a) The dots are 50 nm in diameter and have a distance of 125 nm. b) The smallest TiO2
dot structures that were patterned were 30 nm in diameter with a 75 nm pitch. This corresponds to an
integration density of ca. 17.8 Gbit/cm2. The nucleation site arrangement is marked by dashed lines on
the top right of both images.
Resist Combination Dots Pitch Dose
671.01 / 610.01 100 nm 250 nm 1800 µC/cm2
671.01 / 610.01 50 nm 125 nm 1300 µC/cm2
671.01 / 610.03 100 nm 250 nm 1500 µC/cm2
671.01 / 610.03 50 nm 125 nm 1100 µC/cm2
TABLE 4.4: Overview of the lithographic parameters used for nucleation site patterning on the
EBPG5000+ electron beam pattern generator for both resist combinations applied. All structures were
written with a beam step size of 6.25 nm.
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FIGURE 4.15: Sketch of the optical and electron beam marker layout for nucleation site relocation.
Left: the marker dimensions were designed to allow for deposition of up to 16 nucleation site fields on a
single substrate. Enlarged to the right: The larger (optical visible) crosslined structures mark the position
of the nucleation site arrays. The square marks in the corners of the fields are 25 µm × 25 µm and serve
for electron beam alignment.
Due to the serial nature of the electron beam direct writing process, patterning large dot arrays
of several mm2 is not appropriate as it is too time consuming. The nucleation site arrays were
therefore restricted to square fields of maximal 500 µm × 500 µm. Up to 16 of those fields
were placed on single samples. In order to relocate those nucleation site areas for subsequent
measurements and characterization, visual alignment marks were deposited onto the substrates
by optical lithography as well as smaller marks for aligning with the electron beam pattern
generator. A schematic of these marks is shown in Fig. 4.15. Usually, a 100 nm thick titanium
layer was deposited for marker definition. This yielded good optical contrast to the platinum
electrode and avoided introduction of new materials for sample preparation.
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5 Experimental Methods - Sample Characterization
The previous chapter focussed on experimental methods for sample preparation. We will now
briefly discuss the measuring methods that were applied for characterization of the nanoscaled
ferroelectric islands at various stages of the process integration.
5.1 Scanning Force Microscopy
Scanning Force Microscopy (SFM) builds a subcategory of the Scanning Probe Microscopy
(SPM) family. The principle of SPM is as elegant as simple: a sharp tip raster scans a sample
surface and the interactions between probe tip and sample are spatially recorded. These interac-
tions can be of various nature (e.g. electrical, magnetic, mechanical etc.). The first SPM based
method, Scanning Tunneling Microscopy (STM), was developed by Binnig and Rohrer at IBM
Ru¨schlikon [134]. It was Nobel Price awarded as they achieved atomic resolution on Si(111)
7 × 7 surfaces [135]. Still today, the lateral and vertical resolution of a scanning tunneling
microscope is unrivaled among microscopes. Anyway, the necessity of a tunneling current
between probe tip and sample restricts the method to conducting or at least semi-conducting
sample surfaces.
In SFM, a force interaction between tip and sample surface is recorded by mounting the probe tip
underneath a flexible cantilever and measuring its deflections. As this method is not restricted to
conducting samples, it is the most widely used scanning probe based method today. Depending
on the force that is detected, SFM is subdivided into special applications. In the scope of the
present studies, Atomic Force Microscopy (AFM) (atomic forces, cp. section 5.1.1) and PFM
(piezoelectric forces, cp. section 5.1.2) were applied.
5.1.1 Atomic Force Microscopy
The first AFM (and SFM) was developed a few years after development of the STM [136].
Basically, three different scanning modes are distinguished: contact, non-contact and the tapping
mode. In non-contact and tapping mode the cantilever oscillates above the sample surface. As
soon as the cantilever approaches the surface, van der Waals forces cause a drop in its resonant
frequency. This evokes a change of the oscillation amplitude that therefore is a measure for the
tip-sample distance. In tapping mode, the distance between sample and tip is lower so the tip
“taps” on the sample surface during oscillation. This leads to an excellent topographic resolution.
When scanning in contact mode, the tip and the sample are in permanent contact − here the tip
mechanically “scratches” over the sample surface. Hence, frictional forces occur that induce
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FIGURE 5.1: Schematic of a SFM that utilizes an optical lever arm for detection of the cantilever
bending. The laser beam is reflected from the backside of the cantilever. Any movement of the cantilever
is optically detected as the laser beam changes its position on the photosensitive diode (adapted from
[25]).
torsion to the cantilever in addition to mere vertical bending. Detection of lateral torsion requires
the use of a four section diode while vertical torsion superimposes the vertical bending signal
[25]. Nevertheless, scanning in contact mode is essential for PFM scans as we will see in the
next subsection.
The cantilever deflection can be measured in several ways. The typical approach used nowadays
as in our studies is the optical lever method [137] as illustrated in Fig. 5.1. Here, the position of
the cantilever is determined by a laser beam that is focussed on the backside of the cantilever
and reflected on a two or alternatively four sector photodiode. In a surface scan, the sample is
moved underneath the cantilever tip by piezo actuators, two for lateral movement and one for
readjusting the vertical distance to the cantilever in z-direction. In standard scanning modes, the
deflection of the cantilever is fixed to a given setpoint during the scan by readjusting the sample
height. For this, the z-piezo is driven by a PID-controller over a high voltage amplifier. Due to
its high sensitivity the entire setup is mounted on an anti-vibration system, decoupling it from
mechanical distortions.
5.1.2 Piezoresponse Force Microscopy
PFM is the most widely used tool for nanoscale studies on ferroelectrics as it features a high
spatial resolution and allows for effective ferroelectric domain imaging and manipulation
[10, 138–140]. Basically, it is an AFM working in contact mode, that is extended to detect
deflections on the sample surface due to the converse piezoelectric effect analog to Eq. 2.3. In
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FIGURE 5.2: Converse piezoelectric effect in ferroelectric perovskites. a) When the electric field E
between cantilever and bottom electrode is in parallel to the polarization direction P , the cantilever is
deflected in out-of-plane direction and the laser spot on the photosensitive diode moves in the vertical
direction. An additional lateral deformation of the ferroelectric structure due to d31 cannot be detected
for symmetry reasons. b) In case of a polarization direction perpendicular to the applied electric field, the
grain is sheared due to d15. This causes a lateral torsional deformation of the cantilever and the laser spot
moves in lateral direction on the four quadrant photodiode. c) A ferroelectric crystal with a polarization
vector in the x-z plane will contribute to both the out-of-plane and in-plane signal (adapted from [24]).
PFM the cantilever fulfills two functions: it is used as temporary top electrode for applying the
excitation voltage to the sample while simultaneously recording the voltage induced piezoelectric
deformation.
Due to the setup of the cantilever, two types of mechanical response can be distinguished:
out-of-plane and in-plane deformations. In case of ferroelectric perovskite crystals, both in-
and out-of-plane response are directly related to the polarization vector of the crystal. Here, for
crystal symmetry reasons the initially third rank tensor of piezoelectric constants dijk [C/N] is
reduced to merely three independent, non-zero piezoelectric coefficients: d33, d31 and d15 (cp.
section 2.1.1) [23]. The possible piezoelectric deflections of such a crystal under an applied
electric field are depicted in Fig. 5.2. When the vector of spontaneous polarization of the crystal
is in parallel to the applied electric field in z-direction, the crystal will elongate or contract
in out-of plane direction according to the piezoelectric coefficient d33. Is the spontaneous
polarization perpendicular to the electric field, d15 will force the crystal to shear in x-direction
(in-plane), resulting in a lateral torsion of the cantilever. Both lateral and vertical movements
of the cantilever can be resolved by using a photodiode resolving the laser movement in four
quadrants as illustrated.
Such a photodiode is implemented in the PFM setup as used in our studies. The basic principle
is shown in Fig. 5.3. The first harmonic of the deflection signal on the photosensitive diode is
extracted using lock-in amplifiers. This part of the signal, that has the same frequency as the
excitation voltage Vω, equals the piezoelectric response of the sample. The output signal of the
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FIGURE 5.3: Schematic PFM setup as applied. A function generator is used to apply an AC voltage Vω
to the sample using the cantilever tip as top electrode. A four sector photodiode detects the mechanical
deflection of the cantilever in both out-of-plane and in-plane direction. For this, the quadrants of the
photosensitive diode are grouped into left (a+c), right (b+d), top (a+b) and bottom (c+d). The two
amplifiers give an output that is proportional to the piezoelectric signal. Topographic information is
obtained using a low-pass filter. This signal is used as feedback for readjusting the sample height (holding
the cantilever force on the sample constant). Note, that the excitation frequency ω has to be large
compared to the scanning speed in order to separate the piezoelectric signal from topographic effects
(adapted from [24]).
5.1 Scanning Force Microscopy 47
lock-in amplifiers Vout can be represented either by complex amplitudes X (real part) and Y
(imaginary part) or alternatively by an amplitude R and a phase shift ϕ between the excitation
voltage and the detected signal analog to [25]:
VoutX = Vin · Vω =
R︷ ︸︸ ︷
1
2
AB cosϕ︸ ︷︷ ︸
X
+
1
2
AB cos(2ωt+ ϕ) (5.16)
VoutY = Vin · Vω =
R︷ ︸︸ ︷
1
2
AB sinϕ︸ ︷︷ ︸
Y
+
1
2
AB sin(2ωt+ ϕ). (5.17)
Here, Vin depicts the deflection signal and ϕ is its phase shift in relation to the excitation voltage
Vω. The AC part of the output signal is suppressed by a low-pass filter. When recording X and
Y , a clear differentiation between effects that are related to the amplitude from those that belong
to the phase is hampered. Especially when a phase change has to be detected it is therefore more
reasonable to record amplitude R and phase ϕ [25].
PFM can be used to monitor ferroelectric switching. In contrast to piezoelectric materials, the
direction of polarization P in ferroelectrics determines the phase between excitation voltage and
deformation of the crystal as illustrated in Fig. 5.4. Here, switching the polarization vector by
180◦ results in a 180◦ phase shift of the corresponding out-of-plane signal. The same effect is
obtained for the in-plane signal when switching the polarization vector in in-plane direction.
Note, that PFM is not or at least not yet an appropriate tool for an quantitative evaluation of
ferroelectric characteristics. Although the spontaneous polarization PS can be expressed in terms
of the piezoelectric coefficient d33 analog to
d33 = 2Qε33PS3 , (5.18)
this only holds true in case of a single domain crystals with PS in direction of the applied electric
field [23]. Besides, little is known about the size dependence of the electrostriction coefficient Q
[9]. The evaluation of the coercive field Ec in turn is hampered as the electrical field underneath
the tip is often insufficiently quantified [141, 142]. It is worthwhile mentioning that this is
a general challenge for thinnest films as the quantification always depends on the interface
properties which is in particular true for PFM.
Unless otherwise stated, PFM measurements within this work were carried out on a commercial
JEOL JSPM4210 AFM by applying a 7 kHz AC voltage to PtIr-coated cantilever tips from
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FIGURE 5.4: Schematic of the detectable phase shift in ferroelectric crystals due to a change in
polarization direction. In the upper case (parts a) − b)), the electric field is applied antiparallel to the
polarization. This leads to a contraction of the ferroelectric crystal. When switching the polarization in
the opposite direction (as depicted in d) − e)), the crystal is stretched as the electric field and polarization
point into the same direction. This results in a phase shift of 180◦ between electric field and crystal
deformation analog to c) and f). Here, a contraction in z is defined as positive deformation (adapted from
[25]).
Nanosensors (“ContPt”) with a force constant of k = 0.03 N/m. AFM scans were obtained in
parallel to these measurements. Electronic feedback was set to adjust the sample height and to
keep the force on the cantilever constant.
5.2 Electrical Characterization
Using PFM based methods, only an indirect verification of ferroelectric properties due to
the piezoelectric nature of the investigated crystals is obtained as shown in Fig. 5.4. Within
this work, also direct electrical switching currents on embedded ferroelectric nanograins were
recorded. Switching of ferroelectric structures below 100 nm × 100 nm in lateral dimensions
was accomplished by recording I-V characteristics on embedded ferroelectric grain samples.
5.2.1 Large Signal I-V Measurements
Except for preliminary measurements, I-V curves of embedded ferroelectric nanostructures
were obtained using a commercial ferroelectric test system TF Analyzer 2000 with FE module10
10FE module = ferroelectric module
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FIGURE 5.5: Triangular excitation signal for hysteresis measurements (bottom) and schematic of a
corresponding hysteresis plot (top). The pulses that build the closed hysteresis loop are marked in red.
The dashed line in dark yellow indicates the underlying current response of the sample.
(AixACCT Systems, Germany). It is a modular system with the amplifiers to drive the capacitive
load installed in a probe head that can be placed close to the device under test (DUT). The probe
head, working in the virtual ground mode, likewise records the current response [143]. The
frequency and voltage range provided by the system are 1 Hz−2 kHz and 0 V−12 V. Usually
triangular voltage pulses were applied during the measurements.
The pulse sequence for a typical “hysteresis” measurement P (V ) is illustrated in Fig. 5.5. The
pre-polarizing pulse as well as pulse two are applied to establish a defined polarization state of
the sample − the negative and positive remnant polarization Pr− and Pr+, respectively. These
loops are cycled without sampling any data. After a relaxation time of 1 second, pulse one and
three record the current response of the DUT, starting from the relaxed remanent polarization
values Prrel− and Prrel+. The corresponding polarization values P (V ) are obtained by integrating
the measured current I(V ). As indicated in Fig. 5.5, the switching of the polarization state
corresponds to a displacement current peak in the current response. The illustrated closed
50 5 Experimental Methods - Sample Characterization
FIGURE 5.6: Excitation pulse sequence applied for measurements with variable pulsing. For the writing
pulse both risetime as well as pulse duration and amplitude are adjustable. The delay time between the
write pulse and the read pulses was set between 0.05 and 30 seconds. In contrast to the illustration the
reading pulses were chosen to be triangular.
hysteresis loop is mathematically reassembled from the second half of the first and the second
half of the third pulse and centered with respect to P (+Vmax) and P (−Vmax).
As we will see in chapter 6.5, when measuring ferroelectric nanograins in parallel, the fer-
roelectric switching current is superimposed by i.a. dielectric capacitive and leakage current
contributions. The current response of a linear capacity is purely rectangular on a triangular
voltage excitation which results in a constant but frequency dependent widening of the I-V
curve. Leakage currents are almost frequency independent but increase exponentially towards
higher voltages. In presence of such parasitic current contributions, much more information is
obtained from the pristine current response (the I-V curve) compared to the derived hysteresis
curves.
In order to depict the ferroelectric behavior more clearly, measurements with variable pulse
sequences and pulses were conducted as implemented in the ferroelectric test system. Basically,
the applied unipolar pulses are trapezoidal, featuring a tunable risetime. A writing pulse,
adjustable in amplitude and frequency, is used to drive the sample into a defined polarization
state. This pulse is followed by reading pulses that were set triangular in our case. The basic
pulse sequence that is applied is depicted in Fig. 5.6. The delay time between the writing pulse
and the reading pulses is adjustable. After the first reading pulse a complete reading pulsetrain
consisting of two switching and two non-switching pulses is cycled. The delay time between
these pulses is 1 second by default. The properties applied for the respective pulses regarding
amplitudes, pulse widths and rise times were chosen within the frequency and voltage range of
the system as described above.
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5.2.2 Capacitance Measurements
For measuring the C-f characteristics of dielectric insulating layers, a precision LCR-bridge
(HP 4284A) or optionally an impedance phase analyzer (HP 4194A) were applied. Measure-
ments were carried out on test capacitor structures with macroscopic sputter deposited platinum
or evaporated gold top electrodes. Typically an excitation AC voltage of 100 mV was used for
the measurements. As the electrode size is large compared to the film thickness, the permittivity
εr of the dielectric layers was calculated from the measured capacitance values C analog to the
formula for the parallel-plate capacitor:
εr(f) =
d · C(f)
ε0 · A , (5.19)
with A and d being the top electrode area and thickness, respectively, while ε0 denotes the
vacuum permittivity.
5.3 X-Ray Diffraction
Within this work, crystallographic phase and orientation of the CSD prepared ferroelectric
perovskite islands were studied by X-Ray Diffraction (XRD) [144]. The measurements were
carried out on a X′pert diffractometer (Philips Inc.) with a copper x-ray tube11 in a one-
dimensional Bragg-Brentano geometry. This setup allows for probing the crystalline planes
that are in parallel to the substrate surface as illustrated in Fig. 5.7. The incident x-ray beam
is elastically scattered by the periodic crystal structure. When striking the substrate under an
angle θ, constructive interference of the diffracted beam occurs depending on lattice spacing at
angles of 2θ analog to the Bragg condition:
2d · sin θ = nλ (n = 1, 2, 3...). (5.20)
Here, d denotes the lattice distance and λ is the wavelength of the monochromatic x-ray beam.
θ / 2θ−scans resolve the lattice spacings that are in parallel to the substrate surface plane. For
this, the substrate is rotated around the y-axis by an angle ω (equivalent to θ) and the detector
simultaneously by an angle of 2θ.
The crystal lattice parameters a, b, and c and the Miller indices (hkl) can be derived from the
diffraction peaks in case of an orthorhombic unit cell by:
1
d2
=
h2
a2
+
k2
b2
+
l2
c2
. (5.21)
11The characteristic wavelength of the Cu-Kα1 line is λ =0.15406 nm.
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FIGURE 5.7: Schematic of the XRD setup operating in a one-dimensional Bragg-Brentano geometry.
Constructive interference occurs as soon as the optical path length between the beams that scatter at
different crystal planes is a multiple of their wavelength λ. When performing θ / 2θ−scans, θ and 2θ are
adjusted by rotating both the sample stage and the detector around the y-axis on the sample surface. The
x-ray source remains fixed. All scans in this work were conducted with an angular step size of 0.01◦ and
an integration time for the collector of 5 seconds per step.
For the crystalline structures under consideration in our studies, the equation can be further
reduced as a = b = c (cubic) or a = b 6= c (tetragonal). The orientation distribution of the
crystals was derived from the measured diffraction peaks using the program PowderCell [145] or
alternatively by comparing the obtained results with the PDF-2 diffraction data database [146].
5.4 Scanning Electron Microscopy
SEM images in the framework of this thesis were taken using a DSM 982 Gemini electron
column (Zeiss Inc.) with a field emission cathode [147]. Basically the setup is that of an EBL
tool as described in section 4.3, just without a beam blanking unit. Here, the secondary electrons
that are generated in the sample due to scattering processes are collected by either an in-lens or
an out-lens detector and used for image data. The ultimate lateral resolution of the applied tool
is about 1 nm.
6 Results and Discussion
This work focuses on the integration and characterization of ferroelectric nanostructures pre-
pared by CSD. The present chapter is divided into the following logical parts: growth of
ferroelectric nanostructures, integration of these structures within a dielectric matrix layer and
finally characterization of the embedded ferroelectrics.
The first subsection deals with the growth of self-assembled PTO nanoislands by CSD. The
influence of varying deposition parameters on grain morphology and crystalline structure will
be considered here. The second section presents a promising technique to gain control on both
arrangement and size of the ferroelectric nanostructures by introducing artificial nucleation sites.
Control on size and arrangement are a mandatory requirement for a prospective integration
of nanosized electroceramics deposited by CSD e.g. where single top electrodes are desired.
Thereafter the focus is on embedding and insulating these ferroelectric structures. Here, the
study comprises the embedding material properties and processing as well as its influence on
the ferroelectric grains. A dedicated CMP process is discussed in section four that is applied to
gain electrical contact to the ferroelectric nanoislands by removing the dielectric matrix from
the top of the grains. It is shown that the CMP step has no detectable impact on the ferroelectric
properties of the functional grains when these are polished. PFM measurements, utilizing the
conductive probe tip of an AFM as temporary nanosized top electrode, demonstrate the full
functionality of the ferroelectric islands in the embedded state. Finally, in section five, direct
electrical characterization measurements on ferroelectric nanostructures in the embedded state
are presented. For the first time, electric displacement currents are obtained from ferroelectric
structures of the discussed dimensions by applying large signal I-V measurements.
6.1 Self-assembled Ferroelectric Nanoislands
Self-assembled growth of ferroelectric islands by CSD is a straightforward technique to gain
ferroelectric structures in the nanoscale without the need for sophisticated, time consuming and
usually expensive patterning steps (cp. chapter 3). Besides, being a bottom-up technique, no
post-deposition patterning steps are employed, which reduces the risk of inducing damage to the
functional structures. Within this work the impact of process parameters on grain morphology as
well as the crystalline structure of CSD deposited ferroelectric islands was studied, both being
of constitutional relevance for subsequent integration and characterization.
Self-assembled PTO islands were grown onto platinized silicon substrates using a modified 2-
butoxyethanol precursor solution as described in chapter 4.1.1. The thickness of the amorphous
precursor film after deposition and pyrolysis was adjusted by altering the degree of precursor
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FIGURE 6.1: SEM image of self-assembled PTO nanoislands. The images display the different grain
morphologies due to changes in processing conditions. The PTO grains in the central scan were grown
with half the precursor concentration as used for the grains depicted on the left. For the islands shown on
the right the crystallization temperature was increased employing a diffusion oven instead of an RTP tool.
concentration rather than changing the spin-coating conditions. In addition, the influence of
crystallization temperature was studied. Therefore, the crystallization time was held fixed at
15 minutes. All other parameters were applied as described in section 4.1.1.
6.1.1 Impact of Precursor Concentration
The impact of precursor concentration and crystallization temperature on the island morphology
is illustrated in Fig. 6.1. A mere reduction of precursor concentration provides smaller grain
sizes while higher crystallization temperatures result in larger grain dimensions with higher
separation distances. First, the influence of precursor concentration on grain morphology will be
discussed. Compared to statements in previous works [24], the obtained results do not show
a progressive decrease of island density for lower precursor concentrations. Rather distinct
regimes are observed where the number of islands per area will either rise, fall or even remain
constant. For the depicted results in Fig. 6.1, the 0.17 M precursor solution resulted in grain
densities of about 50 grains/µm2, increasing to almost 100 grains/µm2 applying the 0.09 M
solution. Only a further decrease of precursor concentration yields lower grain densities as
can be seen in Fig. 6.3, where PTO islands were grown using a 0.02 M precursor solution.
Figure 6.2 shows a plot of the experimentally observed grain densities in dependence of the
applied precursor concentration at a crystallization temperature of 700◦C. The resulting curve
can be divided into three segments. Within the regime of lowest precursor concentrations, the
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FIGURE 6.2: Experimentally obtained grain densities as a function of the precursor concentration
obtained for a crystallization temperature of 700◦C. The gray band around the plotted data for single
coating values expresses the uncertainty of the values concerning variations in experiment and counting.
Data points obtained from multiple coating steps are represented by numbered boxes that indicate the
respective coating number. Data points belonging to the same precursor concentration are connected by
dashed lines showing the curve progression and marked with distinct colors. For reasons of clarity, no
uncertainty band is plotted here. Please note that the concentration-axis value in case of the multiple
coating data points is in arbitrary units, as the amount of deposited material for two coating steps is not
precisely consistent to a single coating with the double precursor concentration.
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grain density rises when higher concentrations are applied. As initial nuclei have to reach a
critical volume in order to survive (about 10 nm in diameter, cp. [24]), the chance of stable nuclei
being formed during crystallization is enhanced with growing film thickness. Although this
can be considered a general trend, the grain density can not rise infinitely. Therefore, the curve
reaches a maximum and the grain density falls within a second regime. The reduced amount of
islands resulting out of a higher nuclei density implies, that single PTO islands coalesce from
multiple nuclei here. The more material can be incorporated into the already existing grains the
more grains merge together. This process continues until an almost even curve progression is
obtained. Within this regime, the island density remains almost constant and existing islands
grow until they coalesce, rather building networks of grains than single isolated islands. This is
the first step towards obtaining a more or less dense thin film.
6.1.2 Multiple Coatings
Considering the prospective integration, i.e. embedding of the PTO nanograins and subsequent
polishing, it is favorable to grow the grains with relatively large aspect ratios (height/width)
and separation distances. For this, studies were carried out on how to grow PTO islands using
multiple coating steps instead of varying precursor concentrations. The idee behind this approach
is to start up from a single coating that yields small grains with a minimum grain density after
crystallization and to use these preexisting islands as seeds12 for grain growth during subsequent
coating and crystallization steps. Figure 6.3 shows the grain morphology evolution for multiple
coatings. Average grain dimensions increase for a growing number of coatings. In case of the
0.17 M precursor solution the grain density is quite high to start with, so the grains readily
interconnect after 3 coatings and coalesce to a continuous network of islands rather than isolated
grains after 5 coating steps. In contrast to this, the grain density is significantly reduced when
a 0.02 M precursor is applied for seeding. However, as soon as multiple coating steps are
applied, average island dimensions and densities converge to typical morphologies obtained
from single coating steps using higher precursor concentrations (compare the island morphology
after 8 coating steps using the 0.02 M precursor to that of the 0.17 M precursor after a single
coating as illustrated in Fig. 6.3). The corresponding grain densities using multiple coating steps
are incorporated in Fig. 6.2 as indicated by dashed lines including the respective coating number.
Depending on the starting condition (i.e. the grain density after the first coating), the densities
may rise or fall during subsequent coatings, basically featuring the same progression as the
curve for single coating steps. Although a modification of grain morphology using the seed
concept is possible, at least towards larger grain dimensions the resulting densities approach the
12A similar concept based on artificial TiO2 nucleation sites will be presented and discussed in chapter 6.2 in
more detail.
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FIGURE 6.3: SEM images of self-assembled PTO nanoislands grown by multiple coating steps. The
images display the evolution of grain morphology due to an incremental number of coatings with respect
to the precursor concentration (from left to right). The images on top show PTO grains grown with a
0.17 M precursor concentration whereas the grains presented in the lower line are based on a 0.02 M
precursor. Note, that the triangular shaped grains as marked in the 5 coating image are displayed
magnified.
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FIGURE 6.4: Left: SEM image of self-assembled PTO nanoislands grown with 4 coating steps using a
relatively concentrated precursor of 0.28 M. Right: Line-Scan across a single island as indicated on the
left. The line-scan displays the optical contrast of the SEM image in an arbitrary unit.
“single coating case”. In fact, the resulting grain morphology is largely statistically determined
by the total amount of stock material available on the substrate, no matter if it is applied by
multiple coating steps or at once.
Nevertheless, the multiple coating approach offers some interesting options. For low precursor
concentrations within the first regime of the grain density plot in Fig. 6.2, the growth of PTO
islands with a higher facetting is enabled. Starting from small, unshaped grains additional
coatings result in triangular and rectangular shaped grains as indicated in Fig. 6.3 (in case of
the 0.02 M precursor and 5 coatings). The triangular shape indicates a (111) facetting of the
corresponding grain [72–74, 76, 77]. As soon as one intends to study physical size effects on
single ferroelectric nanostructures, the knowledge of their orientation is absolutely mandatory.
Another advantage the multiple coating approach offers is its potential to grow larger grains
without obtaining cracks in the deposited film when crystallized and cooled through the Curie-
temperature of about 490◦C, especially important for PTO as it has a large c-axis distortion in
the tetragonal phase (see section 2.1.3). In principle, the grains can be grown until they coalesce
and result in a continuous thin film [148]. Most striking in this context is that relatively large
islands, leaving merely any spacings on the substrate, exhibit domain structures in SEM pictures.
An example for such a SEM image is presented in Fig. 6.4. The width of the emerging domain
structures is indicated by a line-scan across one of the deposited PTO grains. Domain structures
are already a strong indication for polar regions. In addition, the multiple coating approach was
applied in particular to study the crystallographic phase and orientation of the self-assembled
PTO nanoislands by XRD.
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FIGURE 6.5: X-ray diffraction measurements of PTO nanoislands deposited on (111)-oriented platinum
using a 0.17 M precursor solution and a single coating step (left) or multiple coatings (right). The
crystallization temperature was 700◦C for all samples. Only peaks from the tetragonal perovskite PTO-
phase emerge in the scans (next to the platinum and silicon substrate peaks), demonstrating the phase
purity of the deposited PTO grains. Peaks of higher order emerge when multiple coating steps are applied
(see inset on the right).
6.1.3 Crystallographic Orientation
XRD on the PTO islands is a challenging task as the structural dimensions are in the nanoscale
and the surface coverage is low. The only measurements so far were conducted on 150 nm PTO
thin films deposited by CSD by grazing incidence [24], a measuring technique that provides
the crystallographic phase but gives no information on crystallographic orientation of the thin
surface layers. By using extensive scanning times (high integration times for every distinct
angularity) θ / 2θ−scans in Bregg-Brentano geometry were obtained in this work on single
separated PTO nanoislands as presented in Fig. 6.5.
In order to get reliable crystallographic peaks the PTO islands were deposited using a 0.17 M
precursor concentration and a single coating step. The morphology of the corresponding islands
was already shown in Fig. 6.1. The peaks that appear in the XRD scans can be assigned to the
tetragonal PTO perovskite phase with a variety of different grain orientations. With increasing
amount of deposited material corresponding to the peak intensities according to Fig. 6.3, even
perovskite PTO peaks of higher order appear in the diffraction scan at larger 2θ angles. As
no other crystalline phases emerge, a high structural phase purity of the deposited grains is
demonstrated13. For all scans a potential PTO (111) peak at 39.2◦ is superimposed by the (111)
peak of the platinum electrode. Therefore, the presence of a preferential orientation within the
13Note, that amorphous phases cannot be detected using XRD. PFM scans however do not indicate the presence
of any non-piezoelectric and therefore possibly non-crystalline phases.
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randomly oriented PTO islands on the (111) platinum cannot be determined, independent of the
scanning method. As we will see in the next section, stoichiometry and crystallographic phase
purity cannot be taken for granted when growing PTO nanograins.
6.1.4 Crystallization Temperature
An increase in crystallization temperature from 700◦C to 800◦C yields larger grains with higher
separation distances due to an increased diffusion of the precursor components during crystalliza-
tion like shown in Fig. 6.1. As already mentioned, concerning the prospective integration of the
PTO islands larger aspect ratios and separation distances are of a certain value. For a few reasons
it was nevertheless desisted from exceeding 700◦C during crystallization. First, an increase in
crystallization temperature may interfere with thermal budgets compatible with integration. In
addition, the platinum electrodes used were quite unstable for temperature treatments above
750◦C, where holes frequently emerged in the platinum layer. The crystallization of the 800◦C
sample in Fig. 6.1 was therefore carried out using a diffusion oven instead of the generally
employed RTP tool, where the platinum tended to sustain slightly higher temperatures14. Crys-
tallization temperatures exceeding 800◦C in turn result in an excessive loss of lead due to the
high volatility of lead oxide (PbO). Lead deficient phases are the outcome, as this loss is merely
compensated by the 15 % lead excess in the precursor solution.
The crystallization temperature is not only constricted by an upper limit. The amorphous film
needs a critical crystallization temperature in order to break up into single isolated islands
rather than building areas of connected grain structures. For a single 0.17 M precursor coating
this temperature was determined to be about 675◦C. A further reduction of crystallization
temperature results in secondary, non-perovskite and therefore non-ferroelectric phases as shown
in Fig. 6.6. As for the previous XRD measurements, the PTO islands in the presented θ / 2θ-
scans were deposited using a single coating step with a 0.17 M precursor concentration. Again,
for crystallization temperatures between 650◦C and 750◦C, the islands show structural phase
purity as only peaks of the tetragonal PTO phase emerge. For a crystallization temperature of
625◦C however, an additional peak appears in the scan at 2θ = 30.0◦ that can be attributed
to a secondary, possibly lead rich pyrochlore (e.g. Pb2Ti2O7) or lead oxide (PbO, Pb2O3)
phase [146]. Similar peaks can be found in literature, for example for Metalorganic Chemical
Vapor Deposition (MOCVD) grown Pb(Zr0.74Ti0.26)O3 islands in an early nucleation state [72].
14The heating rate during crystallization is set to 10 K/s for the RTP tool and might be slightly lower for the
diffusion oven.
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FIGURE 6.6: XRD scans of PTO islands crystallized with varying temperatures ranging from 625◦C
to 750◦C. All grains were deposited using a 0.17 M precursor concentration and a single coating step.
Crystallization was carried out in a RTP oven for 15 minutes each. Most notable is the emerging peak at
2θ = 30.0◦ for 625◦C crystallization temperature indicating a secondary pyrochlore phase here.
6.1.5 Island Heights in Terms of Integration
With respect to the characterization of grains, one favors freestanding, phase pure PTO islands
with lateral dimensions below a certain size limit. Concerning integration, the average grain
height should allow to remove any embedding material from the island tops by CMP in a uniform
and controlled manner.
Island heights are closely linked to the respective lateral island dimensions [24] and therefore
subject to a statistical distribution. An effective method to measure island heights is the use
of an AFM as shown in Fig. 6.7. Here, the AFM was used in PFM contact mode. The PTO
grains reach maximum heights of 50 nm to 55 nm as indicated by line-scans across the sample.
Nevertheless, when growing higher grains (with a higher precursor concentration or by multiple
coatings as already discussed in one of the previous sections), the islands coalesce to networks
before a significant gain in height is observed. Hence, the highest islands grown were in the
range of 120 nm, measured on almost dense thin films rather than single individual structures.
Considering this and the previous results of the chapter, most of the PTO grains employed for
integration and characterization (see sections 6.3, 6.4 and 6.5) were grown using a single coating
step with a 0.17 M precursor concentration and a crystallization temperature of 700◦C as shown
in Fig. 6.7. Here, the requirements on grain morphology and crystallinity are best fulfilled: the
PTO islands obtained are of a perovskite phase, have lateral dimensions in the range of 100 nm
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FIGURE 6.7: AFM topographic image (left) and PFM in-plane amplitude and phase information (right)
of single PTO nanoislands deposited by one coating of a 0.17 M precursor concentration and crystallized
at 700◦C. The islands hardly exceed 50 nm in height as indicated by the line-scan. Note, that the height
chart on the right side of the AFM scan includes height differences of the background and the platinum
electrode. The PFM images on the right display the piezoelectric activity of the deposited grains. Partially,
domain structures are visible in the phase image.
and are insular on the substrate. Moreover, the grains are optimized to achieve maximum heights
while at the same time not merging to interconnected networks or films.
6.2 Registered Deposition of Ferroelectric Nanoislands
CSD deposited PTO islands grown by self-assembly as discussed in chapter 6.1 show no
alignment or ordering in contrast to ferroelectric nanostructures obtained from erosive top-down
approaches. Besides, they feature a statistically governed size distribution. For an optional
integration in prospective device architectures and individual characterization, a high registration
and a narrow grain size distribution is needed. In order to preserve the advantages of bottom-up
growth approaches (i.e. down-scaling of structural dimensions and minimization of damage),
schemes based on substrates with defined nucleation sites as described in subsection 4.3.1 are
promising.
Within the present chapter the realization and optimization of the template-based concept for
islands growth proposed by Schneller and Waser [16] is presented. This concept utilizes the
preparation of predefined nanosized TiO2 patterns on the substrate to act as seeds for the
subsequent chemical solution deposition of lead based ferroelectric perovskites. The basic idea
behind the approach is elucidated in chapter 3. Using this technique, growth of highly registered
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FIGURE 6.8: Schematic of PTO nanostructure processing on TiO2 seeded substrates: a) titanium
nucleation sites are defined on platinized silicon substrates by electron beam lithography and lift-off
(cp. section 4.3.1). In order to gain oxidized crystalline TiO2 structures, the platinized substrates are
thermally annealed at 700◦C in oxygen environment (RTP unit; 1 slm O2); b) a highly diluted PTO
precursor solution (0.015 M−0.05 M) is spin-coated onto the seeded substrate and dried / pyrolized for
2 minutes on a hot plate at 350◦C; c) crystallization of the amorphous PTO layer at 700◦C finally yields
small, highly registered PTO grains on the nucleation sites.
nanostructure arrays featuring the smallest structural dimensions and the highest integration
density reported for ferroelectrics in literature so far was successfully accomplished [149].
A schematic of the PTO nanostructure processing on TiO2 seeded substrates is depicted in
Fig. 6.8. The PTO islands discussed in this section were grown using a modified 2-butoxyethanol
precursor solution (analog to chapter 6.1), this time on platinized silicon substrates seeded with
artificial TiO2 nucleation sites. A detailed description of the nucleation site patterning is given
in chapter 4.3.1. Note that before any PTO precursor solutions were deposited, the seeded
substrates were thermally annealed at 700◦C in oxygen environment using a RTP unit in order
to ensure full oxidation of the as-deposited titanium structures. Crystallization of the pyrolized
PTO films was carried out at 700◦C for 15 minutes in oxygen atmosphere (1 slm O2 in the
RTP tool) due to the results derived in section 6.1.4. All other parameters for the CSD process
were applied as described in the experimental section 4.1.1. In the following only fundamental
parameters that directly influence the functionality of the seed patterns are discussed: the PTO
precursor concentration in connection with the TiO2 nucleation site density and size as well as
the thickness of the TiO2 seed layer.
6.2.1 Precursor Concentration and Nucleation Site Geometry
The first results indicating that a nucleation site concept based on TiO2 seed structures could
have a certain degree of functionality were obtained in Ref. [130]. In that study, the promoting
influence of TiO2 sites on nucleation and growth of CSD deposited PTO nanostructures on pla-
tinized silicon was demonstrated in first instance, although nucleation in between the designated
nucleation sites occurred as well.
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FIGURE 6.9: SEM image of PTO islands deposited on 100 nm wide nucleation sites on a 350 nm
pitch using a 0.024 M precursor concentration and two coating steps. Even though the PTO crystals
predominantly nucleated on the TiO2 seed array (indicated by the dashed lines), islands emerged on the
platinum electrode in between the nucleation sites as exemplarily pointed out by red circles.
In spite of a significantly reduced activation energy for nucleation on the artificial TiO2 seeds, the
deposited amorphous thin film should be assembled into the growing islands before nucleation
occurs at platinum grain boundaries (cp. section 4.1.1). Therefore, the amount of precursor
solution has to be carefully adapted to the nucleation site density (i.e. the number of seeds
per area) and the respective seed size. Figure 6.9 illustrates PTO islands that were grown onto
100 nm wide nucleation sites with a pitch of 350 nm by multiple coating steps. Regarding the
deposited PTO islands, nucleation also took place in between the designated nucleation sites as
indicated by the red circles. Generally, such nucleation in between adjacent TiO2 sites strongly
depended on the total amount of stock material deposited rather than the number of coating
steps. Considering the grains depicted in Fig. 6.9, an almost similar morphology of PTO islands
was obtained using a single coating step with a 0.048 M precursor concentration. The multiple
coating approach therefore offers no additional value to the seed concept, as was indicated by
results on self-assembled grains before (see section 6.1.2).
Precursor concentrations that correspond well to the nucleation site density and seed dimensions
result in nanocrystals that grow highly ordered and with a reduced size distribution. Figure 6.10
shows PTO grains grown onto 100 nm wide nucleation sites on a 250 nm pitch and Fig. 6.11
displays PTO islands that were grown onto 50 nm wide seeds having a pitch of 125 nm. Both
nucleation site arrays feature the same TiO2 surface ratio of about 12.6 % and the crystals were
grown using the same 0.032 M precursor concentration. Regarding both samples nucleation
exclusively took place on the TiO2 nucleation sites and no PTO islands grew on the platinum
substrate. It has to be pointed out, that the inset at which nucleation occurred on the substrate
in terms of precursor concentration rather depended on the TiO2 surface ratio than on the
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FIGURE 6.10: SEM images of separated PTO nanoislands deposited with a 0.032 M precursor solution
on 100 nm wide TiO2 seed structures. The nucleation of the PTO crystals exclusively took place on the
TiO2 seed pattern, whereas there is no crystallization at the grain boundaries of the platinized substrate.
To point out the alignment of the deposited PTO crystals, grid lines are plotted in (a).
FIGURE 6.11: SEM image of separated PTO nanograins with an average diameter of about 50 nm. The
depicted grains were deposited with a 0.032 M precursor solution on a 125 nm TiO2 pitch. Compared to
Figure 6.10, the percentage of single facetted grains increased.
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FIGURE 6.12: Schematic of the applied nucleation site dimensions. All depicted sites feature the
same surface fraction of 12.6 %. Basically, the initial field with a single 100 nm dot is quartered to
obtain the 50 nm nucleation sites and again to obtain 25 nm dot arrays. Towards increasing nucleation
site densities, the chance that stable PTO islands are formed homogeneously on all sites is significantly
reduced. Concurrently the effective PTO island dimensions exceed the nucleation site dimensions which
reduces registration. For lithographic reasons, the smallest dots dimensions effectively used for registered
deposition of were 30 nm on a slightly larger separation distance of 75 nm.
nucleation site dimensions here. For the present case, precursor concentrations between 0.025 M
and 0.03 M yielded good results in terms of avoiding nucleation on the platinum. For the 100 nm
seed structures mostly conglomerates consisting of two or three grains were found while it seems
that an increasing amount of single islands nucleated and grew on the 50 nm seeds. Remarkably,
the best results including a high single island percentage were obtained when the nucleation site
densities and seed dimensions corresponded well to the morphology of self-assembled grains
under the respective processing conditions i.e. the precursor concentration. Note in this context,
that the nucleation site density of 64 per µm2 for the 125 pitch depicted in Fig. 6.11 is conform
to the expected grain density for a 0.03 M precursor concentration in case of self-assembled
PTO islands as can be derived from the grain density plot in Fig. 6.2.
In general, a too low precursor concentration causes unoccupied nucleation sites that are not
covered by any PTO grains at all whereas a to high precursor concentration provokes nucleation
in between the nucleation sites. While in case of the 100 nm and 50 nm seeds as discussed
above a proper precursor concentration could be determined, this was not the case for 30 nm
nucleation sites on a 75 nm pitch distance. Increasing the precursor concentration here, a
significant loss of registration was observed before all seeds were covered with a PTO island.
This loss of registration was due to the fact that already existing PTO islands readily approached
the nucleation site and distance dimensions. A thought experiment as illustrated in Fig. 6.12
might help to explain this finding. In case of the larger nucleation points (100 nm and 50 nm in
diameter) the grain density exceeds the nucleation site density while in case of the smallest 25 nm
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seeds single nucleation sites remain uncovered as indicated. Basically, all depicted nucleation
sites feature the same surface fraction of 12.6 % and the overall deposited material is the same
for all seed densities. Nevertheless, the nucleation sites are in strong competition to each other
and the available precursor resources per seed diminish for higher nucleation site densities. The
chance that a stable PTO nucleus is formed (about 10 nm in diameter on bare platinum, cp. [24])
on a single seed is therefore reduced. As soon as a PTO grain is formed on one of the smaller
seeds, the growing grain rather withdraws the precursor from its next neighbors. Note, that
the surface diffusion length of the precursor components is at least in the range of the 100 nm
seed distance (>150 nm). It is of course possible to provide more stock material by applying a
higher precursor concentration. This enhances the chance that a stable nucleus is formed on the
respective seeds. At the same time however, the island dimensions of the initially formed grains
readily extend the nucleation site dimensions and the predefined arrangement of nucleation
points is lost. In addition, the nanoscale roughness of the polycrystalline platinum electrode
induces an increasing local asymmetry in crystal growth for shrinking seed dimensions.
A characteristic of most template grown PTO islands as already mentioned and shown in
Fig. 6.10 and Fig. 6.11 is their triangular shape. This crystal facetting strongly depends on the
TiO2 seed layer thickness as will be discussed in the following.
6.2.2 Impact of Seed Layer Thickness
Considering the TiO2 nucleation site geometry, so far only lateral dimensions were discussed.
However, the nucleation site thickness has a tremendous impact on morphology and functionality
of the template grown PTO islands as well. Most of the crystals as displayed in Fig. 6.11 feature
a triangular base area resembling the natural facets of a (111)-oriented crystal. This overall
shape is maintained even in case of the 100 nm seeds as shown in Fig. 6.10b, where multiple
facetted grains on single seeds might ally and collectively build up a triangular structure.
Analogous crystalline shapes are found in literature during early growth stages of self-assembled
ferroelectric PZT and PTO perovskites deposited by MOCVD [72–74, 76, 77]. Quite similar,
although less pronounced, is the shape of self-assembled grown PTO islands deposited by CSD
when using multiple coatings and low precursor concentrations (see section 6.1.2). For all these
approaches the perovskites were grown onto (111)-oriented platinized substrates by applying
only small amounts of stock material at once. Hence, it can be suggested that the orientation of
the underlying electrode is likely adapted by the growing crystals.
In case of the template controlled deposition of PTO islands, facetted crystals are grown as
soon as the initially evaporated titanium layer is in the range of 20 A˚ or below. Titanium layers
with a higher thickness yield no well defined grain shapes instead, although they still show
functionality as seeds. A typical example of PTO structures grown onto thicker TiO2 nucleation
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FIGURE 6.13: SEM image (top), AFM topographic image (bottom left) and PFM in-plane amplitude
times phase information (bottom right) of PTO islands deposited with a single coating of a 0.024 M
precursor concentration on 100 nm wide TiO2 nucleation sites with a 250 nm pitch. The titanium was
evaporated to a thickness of about 5 nm. Although the grains exclusively nucleated on the designated
seeds, only grain conglomerates without any facetting were obtained. Regarding the PFM scan on the
bottom right, only a few structures showed piezoelectric activity even when a 5 V excitation signal was
applied to the probe tip.
sites is given in Fig. 6.13, where the titanium layer was evaporated to a thickness of around
5 nm. Nucleation only took place on the predefined TiO2 nucleation sites as the precursor
concentration was well adapted to the TiO2 surface ratio (cp. section 6.2.1). Nevertheless, the
structures grown are merely unshaped PTO grain conglomerates, showing no facetting and to a
large part no piezoelectric activity as displayed in the PFM measurement at the bottom right of
Fig. 6.13. As known from literature (see section 3.3.2), thinnest TiO2 layers of approximately
2 nm are readily incorporated into PTO when used as seeding layer for lead based ferroelectric
perovskites [18]. Regarding the TiO2 seeds in the present case, evaporation of a 5 nm titanium
layer yields even thicker TiO2 sites due to the post-deposition oxidation step. Therefore it
can be assumed, that the TiO2 seeds are not entirely incorporated into the PTO grains during
crystallization of the thin precursor film and act as a voltage divider. Although the precursor
solution contains a lead excess of 15 %, the increased TiO2 layer thickness might result in
lead-deficient, non-stoichiometric and therefore non-ferroelectric phases on the nucleation sites,
explaining the loss of piezoelectric activity as indicated in Fig. 6.13.
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With respect to the crystalline orientation of the PTO islands, the (111) orientation of the
platinum electrode cannot directly be adapted as long as the nucleation sites are not incorporated
into the islands. Anyway, as already explained in section 3.3.2, recent studies indicate, that it is
rather the crystalline rutile phase of the TiO2 nucleation sites that promotes nucleation of the
deposited perovskites in (111) direction than the underlying platinum (111) electrode [94]. The
required rutile (100) phase is obtained when TiO2 layers are epitaxially deposited on platinum
(111) at high temperatures. In our case, a reasonable epitaxial relationship between the TiO2
and the polycrystalline platinum could be promoted when the sufficiently thin titanium films are
oxidized after deposition. Nevertheless, for large initial PbO fluxes during sputter deposition,
also (100)-oriented PZT crystals were obtained on epitaxial rutile TiO2 nucleation sites [95].
The results indicate, that the thickness of the initial titanium layer not only affects the orientation
of the deposited PTO islands, but also their crystalline phases that might deviate from the
ferroelectric perovskite phase as displayed in Fig. 6.13. Best results in terms of a controllable
nucleation site patterning, seed functionality and a high yield of perovskite PTO grains were
obtained when the titanium layer was evaporated to a thickness of about 12 A˚15. The piezo- and
ferroelectric properties of these islands are presented in the next section.
6.2.3 Piezoelectric and Ferroelectric Properties
SEM images of PTO islands grown under optimized processing conditions in terms of a precursor
concentration matching the nucleation site geometry and adequately thin TiO2 nucleation sites
were shown in the previous sections (see the facetted crystals displayed in Fig. 6.10 and Fig. 6.11).
Although the triangular grain shape indicates (111)-oriented crystals, this is no evidence for a
ferroelectric, perovskite phase. XRD scans used to verify the existing crystallographic phases
failed due to the low surface coverage that the template grown PTO islands yielded. Therefore,
PFM measurements on optimized grown crystallites were carried out and are discussed in the
following, at the same time providing information on the sample topography. Figure 6.14
shows both an AFM and simultaneous PFM scans of PTO crystals grown onto 50 nm wide
seed structures with a 125 nm pitch distance. Regarding the PFM scans, up to 90 % of the
deposited crystals showed piezoelectric activity under respective processing and scanning
conditions. In particular, piezoelectricity is only a necessary condition for ferroelectricity (see
section 2.1). In order to verify the ferroelectric properties of the template grown PTO islands,
PFM measurements upon switching were carried out as exemplarily displayed in Fig. 6.15. Here,
the switching of a 50 nm wide PTO grain on a 125 nm pitch as shown in Fig. 6.14 is monitored.
The polarization vector and thus the piezoelectric tensor of the highlighted grain was switched
15The actual thickness might locally deviate from the preset value due to the minor evaporation rate and
inhomogeneous heating of the ingot by electron beam.
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FIGURE 6.14: Topographic AFM scan (left) of PTO crystals grown onto 50 nm wide seeds on a 125 nm
separation distance. Piezoelectric in-plane (top) and out-of plane (bottom) response of the island array
are displayed on the right, showing the amplitude times phase in arbitrary units. PFM scans were carried
out with an excitation signal of 1 V at 7 kHz applied to the probe tip. Note that the effective lateral grain
dimensions are displayed enlarged due to the tip radius. The high registration of grains is clearly visible
in topography and dashed lines mark the arrangement of PTO grains in the in-plane PFM scan. Up to
90 % of the depicted islands show piezoelectric activity. As indicated by the topographic line-scan on the
left, grain heights are uniform and reach a maximum level of about 20 nm.
bi-directionally by applying an external DC voltage in between the single PFM scans. The two
stable polarization states of the structure demonstrate ferroelectricity.
The strength of PFM, its high lateral resolution that enables scanning of distinct structures and
prove e.g. their ferroelectric properties, is tantamount to its weakness as ferroelectricity of
the deposited crystals can only be proven representatively on few grains. In addition, a grain
that does not switch is not necessarily a non-ferroelectric structure. As long as the PTO grains
showed piezoelectric activity, their polarization state could likely be switched. Nevertheless,
switching of the template grown islands remained a delicate process. Frequently, only parts of the
polarization switched due to the local induction of the electric field by the probe tip and thermal
drift of the PFM setup hampering its exact positioning. In addition, relatively high electric fields
were needed for switching (> 1 MV/cm), so electrical breakthroughs occasionally occurred
because of the minor grain thicknesses. Considering the high switching fields encountered,
analog values for thinnest PTO crystallites are reported in literature [77] and can be explained
physically by the scaling of the coercive field (as described by the Kay-Dunn Law [150, 151])
and metrologically by adsorbates on the sample surface which act as voltage divider [141, 142].
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FIGURE 6.15: Top: AFM image of PTO grains that nucleated on 50 nm wide TiO2 seeds having a pitch
distance of 125 nm. Bottom line: In-plane piezoresponse signals of the depicted grains. The polarization
state of the accentuated grain was switched bi-directionally in between single PFM scans by applying a
DC voltage of -5 V and 5 V respectively to the grain. The PFM scans were carried out using an excitation
signal of 1V at 7kHz. The out-of plane polarization of the highlighted grain switched as well (not shown).
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FIGURE 6.16: Three dimensional AFM image of highly ordered ferroelectric PTO nanoislands grown
onto TiO2 nucleation sites by CSD. Note, that the depicted grain density corresponds to 6.4 Gbit/cm2.
6.2.4 Topography and Integration Density
In contrast to self-assembled grown PTO islands, template based crystallites as displayed
in Fig. 6.14 and 6.15 feature a narrow lateral size distribution and uniform grain heights as
desired for integration. Nevertheless, maximum grain heights merely reach 20 nm and are
therefore significantly reduced compared to self-assembled PTO islands used for integration and
characterization as discussed in section 6.1.5. Generally, grain heights obtained for template
grown PTO islands ranged between 15 nm and 20 nm, independently of the particular nucleation
site diameter and density. Growing larger grains resulted in loss of registration as discussed in
section 6.2.1. As we will see, gaining electrical contact to 20 nm high islands by CMP is finical
but possible, though.
As already mentioned, growing PTO crystals on nucleation sites in the range of 30 nm usually
yielded grains extending the nucleation seeds whereas others remained unoccupied. Approaches
to increase the integration density by reducing the seed distance below a distance to diameter
ratio of 2.5 (that was usually applied as for most depicted PTO islands in the previous sections)
resulted in a poor e-beam resist contrast during TiO2 template processing. Nevertheless, to the
best of our knowledge the 50 nm wide PTO crystals with the 125 nm pitch feature the highest
integration density achieved among registered arrays of functional ferroelectrics in literature so
far. A three dimensional AFM scan of these ferroelectric nanocrystallites is shown in Fig. 6.16.
Higher integration densities were only obtained for PTO islands grown on TiO2 nucleation sites
that were patterned by micelles as reported in Ref. [97]. Anyway, registration of the structures
was poor and restricted to hexagonal arrangements. Besides, functionality of those islands could
not be demonstrated.
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FIGURE 6.17: Illustration of the process flow applied to obtain integrated, electrical accessible
ferroelectric nanostructure arrays. a) A thin layer of flowable dielectric oxide is spin-coated onto the PTO
nanoislands, completely embedding and insulating the structures. b) After thermal cure of the dielectric
layer, the samples are polished by CMP down to the PTO grain tops, yielding electrically accessible
ferroelectric nanostructures within a dielectric matrix as depicted in c).
6.3 Integration I - Flowable Oxides as Insulating Matrix
Direct electrical characterization of bottom-up grown ferroelectric nanoislands as the ones
described in the previous chapters 6.1 and 6.2 requires integration of the structures in an
insulating matrix layer. At the same time, the nanoislands have to be fully electrically accessible
to enable the deposition of top electrodes. Therefore, an integration scheme based on completely
embedding the ferroelectric nanoislands in a layer of flowable oxide and subsequently providing
electrical access to the grain tops by a dedicated CMP process was developed as will be described
in section 6.4. The basic process flow for integration of the bottom-up grown ferroelectrics
is illustrated in Fig. 6.17. In the present chapter, the focus lies on the use of flowable oxides
as embedding materials for nanoscaled ferroelectrics. The properties of the dielectric matrix
materials will be discussed with special attention to the polishing process and the subsequent
direct electrical characterization of embedded ferroelectric nanoislands.
6.3.1 Embedding in Flowable Oxides
Flowable spin-on oxides were chosen for embedding the ferroelectric islands, as the properties
of these materials precisely comply with both integrative as well as meteorological requirements
of the samples. Three different embedding dielectric materials were studied, two low-k dielectric
spin-on glass materials, HSQ and MSQ, as well as Al2O3. For general properties and processing
of these materials see chapter 4.1. Regarding integration, the insulating dielectric has to embed
the functional structures entirely, i.e. especially for samples with an increased PTO grain density
a high gap-fill ability is needed. Figure 6.18 shows a cross sectional SEM picture of insulated
PTO islands within a layer of HSQ. The image illustrates the form-fitted embedding of the
functional PTO grains by the spin-on dielectric layer. At the breaking edge of the sample, some
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FIGURE 6.18: Cross-sectional SEM image of PTO islands on a platinized silicon substrate deposited
using a 0.17 M precursor solution. The low-k dielectric HSQ layer on top was spin-coated to a thickness
of about 70 nm, just surmounting the maximum grain heights.
of the PTO structures stick out of the dielectric matrix as indicated by black arrows. Similar
results were obtained in case of MSQ or Al2O3 thin films.
As the thermal curing of flowable oxides after deposition involves a reflow process, the films
usually feature excellent planarization properties. This is especially beneficial for the CMP
step, as will be discussed in section 6.4 in more detail. At the same time it is desired to reduce
the overall polishing efforts to a minimum, as the polishing step is the most critical part of the
process flow. Therefore, the dielectric layers are spin-coated to a thickness just covering the
highest grain tops as depicted in Fig. 6.18. Hence, a residual surface corrugation might remain.
Anyway, in case of spin-on dielectrics this corrugation is much smaller as for layers grown by
physical or chemical vapor based methods, where the surface topography is almost one-to-one
reproduced into the deposited thin film.
The adaption of the dielectric thin film thickness to the highest grain tops requires a film
thickness tunability within the range of the PTO grain heights. Basically two process parameters
can be varied to change the resulting thickness of the cured film: the concentration of the
dielectric precursor, i.e. the solids content of the solution, or the revolution speed during spin-
coating. Figure 6.19 depicts the obtained layer thicknesses in case of HSQ as a function of both
parameters. Dilution of the commercial HSQ precursor solution was carried out using different
ratios of MIBK as solvent. As illustrated, the resulting layer thickness is altered in a large
range due to variations in precursor concentration. Although it seems that the layer strength is
quite independent of the revolution speed during spin-coating (as it was stated for example in
Ref. [152]), this does not bear up against closer analysis. As a matter of fact, it is actually a
short pre-spinning step, carried out at 500 rpm to distribute the precursor on the wafer surface,
that determines the resulting layer thickness. This might be due to the high fluidity of the HSQ
precursor. Analog results were obtained in case of the MSQ precursor, where it was desisted
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FIGURE 6.19: Analog to Ref. [152]: thickness variation of HSQ thin films as a function of the HSQ
precursor (FOx-12) and MIBK mixing ratio and the revolution speed during the spin-coating process.
The resulting thin film can be adapted precisely to the desired strength. Film thicknesses were measured
by ellipsometry on 1”-square platinized silicon substrates.
from carrying out a pre-spinning step in order to increase the homogeneity of the dielectric
films on the substrates. Especially for small square 1 cm2 substrates as they were used for
subsequent CMP, no uniform layer thicknesses were obtained in presence of a pre-spinning step.
Figure 6.20 illustrates the layer thicknesses in case of MSQ and Al2O3 thin films after thermal
curing as a function of dilution states and revolution speeds, both materials deposited without
pre-spinning during the spin-coating process. For the Al2O3 precursor layer thicknesses in the
range of the PTO grain heights were obtained just by varying the spin-coating revolution speed.
The concentration of the commercial MSQ precursor had to be adjusted in order to achieve
layer thicknesses below 100 nm. Here, the layer thickness falls almost linearly against precursor
concentration. The gray bands in the graphs indicate the process window for embedding PTO
islands based on a 0.17 M precursor solution and a single coating step.
6.3.2 Electrical Properties
Considering the electric properties of the embedding oxides, the materials should feature a low
RC time-constant− at least when parts of the dielectric material are covered by electrodes. This
is for example the case for embedded ferroelectric nanoislands that are electrically characterized
in parallel as will be discussed in chapter 6.5. Anyway, thinking of prospective device architec-
tures, those have integration schemes where the bottom-up grown ferroelectric nanoislands will
be addressed individually involving top- and bottom-metallization that is in direct contact to
the dielectric layer. Here in particular, highly insulating materials with low dielectric constant
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FIGURE 6.20: Influence of concentration and spin-coating revolution speed on thickness of MSQ
and Al2O3 thin films on 1 cm-square platinized substrates. For the Al2O3 films no further dilution was
needed to gain appropriate layer thicknesses in the range of the PTO grain heights. The MSQ precursor
(ACCUGLAS T-11) was diluted using a blended solvent combination as recommended by the supplier (cp.
section 4.1.4. The given concentration value in percent refers to the initial precursor concentration. Note,
that the depicted film thicknesses are mean values obtained from cross-sectional SEM images and might
slightly deviate.
should be used for integration.
All applied oxides are highly insulating, but only the spin-on glass materials HSQ and MSQ
feature a low dielectric permittivity resulting in a low dielectric capacitance16. The relative
permittivity in case of Al2O3 is much larger, as it was verified by small signal capacitance
measurements (for the measuring setup see section 5.2.2). Fig. 6.21 illustrates the frequency
dependent dielectric coefficient of Al2O3 thin films after curing in a temperature range from
400◦C to 700◦C. In the applied temperature range, no direct influence of curing temperature
on dielectric constant was detected. This is consistent since the Al2O3 thin films should be
of an amorphous nature for these curing temperatures [106]. Variations between the obtained
C-f curves primarily occurred between different top-electrodes and are likely due to fluctuations
of the top-electrode dimensions that were deposited by optical lithography. In addition, the
respective Al2O3 layer thicknesses were only approximately determined. Anyway, the frequency
dependent dielectric permittivity between 12 and 35 as recorded is much larger compared to the
dielectric constant of the spin-on glass based materials HSQ and MSQ as shown in Fig. 6.22.
The measured relative permittivities of the spin-on glasses are close to the manufacturers data
of εr =2.9 at 1 MHz for HSQ and εr =3.8 at 1 MHz for MSQ. The small drops in permittivity
at 1 kHz and additionally at 1 MHz in case of the MSQ films can be attributed to resonances
in the measuring setup. Neglecting small variations in permittivity between single electrodes,
16Therefore they are referred to as low-k dielectrics.
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FIGURE 6.21: Relative permittivity of Al2O3 thin films in the frequency range from 100 Hz to 400 kHz.
The roughly 75 nm thick films were deposited with 3500 rpm using an undiluted precursor solution on
platinized silicon substrates and subsequently thermally cured. Curing at 400◦C and 450◦C was carried
out on a hot plate, the third sample (blue line) was first cured on a hot plate at 400◦C before being
transferred into a diffusion oven at 700◦C. The measurements were conducted on round test capacitor
structures having evaporated Au and sputtered Pt top electrodes of 200 µm and 400 µm in diameter.
FIGURE 6.22: Frequency dependent dielectric permittivity of pure HSQ (left) and MSQ (right) thin
films for different curing temperatures. The HSQ films were heated for 1 hour in a RTP tool under
200 sccm nitrogen flow. Curing of the MSQ films was carried out for 1 hour in nitrogen atmosphere using
a diffusion oven under 10 slm N2. The layer thicknesses are about 75 nm for the HSQ films and 90 nm
for the MSQ layers. The depicted C-f curves were recorded on round evaporated Au top-electrodes
of 400 µm in diameter. Only a slight decrease in permittivity can be detected in the applied frequency
range from 10 Hz to 1 MHz. The recorded values approach the manufacturers data of εr =2.9 at 1 MHz
(FOx-12) and εr =3.8 at 1 MHz (ACCUGLAS T-11).
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the HSQ films show a trend towards larger permittivities for rising curing temperatures. This
tendency was not detected in case of the MSQ films. It is known from literature that curing
temperatures above 400◦C for HSQ involve a collapse of the initially porous silsesquioxane
network resulting in thermal decomposition of the spin-on glass layers into amorphous silicon
oxide (cp. section 4.1.3), but this can only explain an increase in dielectric constant up to
εr ≈ 4. Larger permittivities can possibly be attributed to uncertainties of the geometrical
factors and to moisture uptake of the films [113]. The latter effect should be associated with
increasing dielectric losses.
6.3.3 Impact of Embedding Matrix on Ferroelectric Properties
So far the eligibility of flowable oxides as matrix material for functional nanoislands was shown
in terms of their embedding and electrical properties. An important point, however, was left out:
the impact of the embedding dielectric matrix material on the functionality of the ferroelectric
PTO grains. As we will see in the following chapters, piezoelectric activity of embedded PTO
islands as demonstrated by PFM as well as displacement current peaks of PTO islands in parallel
as recorded electrically indicate ferroelectricity of the nanostructures even in the integrated state.
In addition, XRD scans were carried out to study the influence of the insulating matrix on the
structural properties of the embedded grains. This was done with respect to the curing tempera-
tures applied for the dielectric films. The results are shown in Fig. 6.23. The θ / 2θ−scans were
recorded on pure PTO islands and on the same islands after embedding and thermal curing in
a spin-on dielectric layer. Finally the samples were measured after an additional temperature
step at 700◦C in oxygen atmosphere using a RTP tool. Such a temperature step might become
of interest as soon as top electrodes are deposited on the embedded grains and post-annealing
is required. Regarding the PTO islands within the spin-on dielectrics after thermal curing, no
structural changes appear in the respective diffraction scans compared to the as-deposited grains.
Independent of the embedding dielectric material, only peaks belonging to the tetragonal PTO
perovskite phase emerge. In case of the additional curing step at 700◦C however, the (001)
peaks vanish and the (101) and (110) peaks merge together, indicating a structural change of
the embedded PTO grains at these temperatures. As the underlying mechanisms are not clear,
post-annealing of deposited top electrodes has to be regarded a delicate process.
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FIGURE 6.23: XRD measurements of PTO nanoislands deposited on (111)-oriented platinum using
a 0.29 M precursor solution and a single coating step. The θ / 2θ−scans on the left depict the grains
before and after embedding and curing in a layer of MSQ. The measurements on the right were obtained
on PTO islands before and after embedding and curing in a layer of Al2O3. Thermal curing steps were
carried out at 425◦C in nitrogen atmosphere in case of the MSQ and at 450◦C in ambient atmosphere for
the Al2O3 respectively. Subsequently an additional annealing step was carried out at 700◦C in oxygen
atmosphere, simulating a post deposition annealing of possible top electrodes.
6.4 Integration II - Chemical Mechanical Polishing
In the present section, the results of the CMP process employed to gain electrical contact to the
embedded PTO grain tops are discussed. Special attention is devoted to the influence of the
polishing step on the ferroelectric properties of the functional structures. Besides, technological
limits are discussed that are encountered using a tabletop polishing tool for CMP.
6.4.1 Polishing Homogeneity
As the applied tabletop polisher (cp. section 4.2.2 for the equipment setup) is not a dedicated
chemical mechanical planarization tool, first of all the main focus was on obtaining as homo-
geneous polishing results on the substrates as possible. A first evaluation of homogeneity was
obtained by optical inspection, as even small differences in dielectric layer thickness across
a sample (around 10 nm) directly result in distinct color shades by optical interference. For
a closer examination cross-sectional SEM images of the dielectric layer after polishing were
taken.
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Pad Softness Forced Substrate Motion Substrate Size
Pressure Distribution + − −
Relative Motion × + −
TABLE 6.5: Process influences of CMP on sample homogeneity using a tabletop polishing setup. An
increase in uniformity of polishing abrasion across the samples is marked by a +.
In order to obtain a homogeneous polishing abrasion two basic conditions analog to Eq. 4.12
should be fulfilled:
• a homogeneous pressure distribution P (x, y) on the substrate
• a uniform relative motion between substrate surface and polishing pad v(x, y).
Fortunately, the main disadvantages that are associated to the tabletop polisher setup, i.e. the non-
adequate polishing head pressure distribution on the substrates as well as the (initially) missing
polishing head drive, are countervailed by the characteristics of the substrates to be polished.
In contrast to industrial CMP processes, where large scale planarization is required, polishing
of embedded PTO islands “only” requires a vertical surface flattening in the range of some
nanometers. To some extent this is already given due to the excellent planarization properties
of the spin-on dielectrics that result in even dielectric surfaces to start with (cp. section 6.3.1).
Hence, very soft polishing pads could be used for the CMP process which significantly increased
the homogeneity of the pressure distribution on the substrate and simultaneously of the polishing
attack.
Regarding the relative motion between substrate and polishing pad, it is uniform on the entire
substrate surface as soon as the angular frequencies of the polishing pad and the wafer carrier are
the same [153]. Therefore, a rotary drive for the polishing head was developed (cp. section 4.2.2).
Anyway, in order to transfer the rotary motion onto the substrate, the glass substrate carrier
has to be fixed to the wafer carrier by an intake pressure. This in turn induces a distinct tilt
to the sample that dramatically degraded the polishing homogeneity. In order to achieve a
uniform lateral motion between substrate and polishing pad though, relatively small sample
dimensions were polished− usually square 1 cm2 substrates− and the glass substrate holder was
placed moveable into the wafer carrier. The basic process influences on polishing homogeneity
encountered for the applied polishing setup are listed in Table 6.5. Following these general
process parameters including a steady state rotation of the polishing head on the polishing plate,
differences in the dielectric layer thickness down to a few nanometers could be achieved on
1 cm2 substrates after polishing.
6.4 Integration II - Chemical Mechanical Polishing 81
FIGURE 6.24: Polishing results on HSQ embedded PTO islands using a soft, chemical resistant pad for
oxide polishing (OP-Chem, Struers Inc.). The polishing plate rotation was set to 30 rpm with an axial
sweep of 35 per minute for the depicted sample. The Syton-SF1 polishing slurry was diluted to a volume
ratio of 1:5 with deionized water. The top AFM image displays the PTO islands in the as-embedded
state. After 2 minutes of polishing the film strength was uniformly reduced across the samples surface.
Regarding the local surface smoothing however, the surface roughness increased from 2 nm rms to about
8 nm rms as illustrated by the AFM scan in the middle of the bottom line. Although it seems that the PTO
islands stick out of the insulating matrix after polishing, only few spots with piezoelectric activity emerge
in the corresponding PFM image on the right which do not coincide with the peaks in topography.
Anyway, such a uniform abrasion across the substrate does not necessarily include a local
planarization of the embedded PTO islands within the dielectric film. This strongly depends
on the type of polishing pad used for CMP as illustrated in Fig. 6.24. Here, a soft, sponge-
like chemical resistant pad for oxide polishing was applied. Although promising results were
obtained regarding the global uniformity of the 1 cm2 substrates, no uncovering of PTO islands
was achieved − not to mention any local surface smoothing − independently of the polishing
parameters. In contrast to these results, Fig. 6.25 displays the surface evolution of a substrate
with a high local planarity after polishing. The depicted results were obtained using a very soft,
short flocked pad (NapTEC, Schmitz Inc.). Contrary to the illustrated sample in Fig. 6.24, the
surface roughness after polishing is significantly reduced to 0.4 nm rms in this case. Similar
results in terms of local planarization were obtained with a soft, short-piled synthetic polishing
pad (MasterTex, Buehler Inc.) that at the same time featured an improved global uniformity, a
lower wear and a much better chemical resistance. Regarding the planarization properties of
the applied polishing pads, those were not restricted to HSQ layers as exemplarily displayed.
Similar results were obtained for MSQ and Al2O3 embedded PTO islands. As we will see in the
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FIGURE 6.25: Evolution of the surface roughness during polishing of HSQ embedded PTO islands,
displayed by means of three dimensional AFM scans (left) and corresponding cross-sectional SEM
images (right). From top to bottom: PTO islands after deposition; the same grains after embedding
within an 70 nm thick layer of HSQ and finally: the same sample after 90 seconds of CMP using a
diluted Syton-SF1 slurry. The surface roughness is already significantly reduced to 1.8 nm rms due to the
planarizing properties of the SOG dielectric layer and it is further flattened to 0.4 nm rms during chemical
mechanical polishing.
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FIGURE 6.26: In-plane PFM images demonstrating the gain in piezoelectric active surface fraction with
increasing polishing time. No piezoelectric activity is recorded on the unpolished samples as displayed
on the top left. After 90 seconds of CMP small piezoelectric spots emerge in the PFM scans and after
3 minutes large parts of the embedded islands are visible. The graph inset on the bottom left displays the
expected surface fraction of polished PTO grains against the remaining layer thickness (derived from
statistical topographic information of the PTO islands deposited with a 0.17 M precursor and a single
coating). As the platinum bottom electrode is not entirely flat, the remaining layer strength of the HSQ
matrix is about 10 nm less compared to the total layer thickness.
course of this section, this does not hold true for the material removal rates encountered.
Gaining a high local and global uniformity in polishing abrasion, PFM scans as depicted in
Fig. 6.26 were carried out to answer the question if the embedded PTO grains are indeed
electrically addressable after polishing. The images nicely illustrate the gain in piezoelectric
activity with respect to the polishing time compared to a sample with an embedding HSQ layer
on top of the PTO grains. Not only does the piezoelectric signal prove an electrical contact
between the conducting probe tip of the AFM and the PTO islands after polishing, but it also
indicates the functionality of the grains in the embedded state. Besides, the presented processing
technique results in plain surfaces and helps to improve the understanding of PFM in terms of
crosstalk and topographic fringe effects [154, 155], as topography is entirely eliminated from
the samples while piezoelectric response of the islands is not constricted.
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6.4.2 Material Removal Rates
Regarding the applied polishing pressure, a precise adjustment below the maximum value is
not feasible as not implemented in the polishing head setup. In addition, a steady rotational
movement of the wafer carrier requires a certain revolution speed of the polishing pad17. In
order to reduce the material removal rates and thereby gain control, the applied Syton-SF1
polishing slurry (cp. section 4.2.1) was diluted to a volume ratio of 1:5 with deionized water.
This lowered the concentration of abrasive particles in the solution and at the same time reduced
the pH value to about 8.5. In connection with a convenient polishing pad as described above,
appropriate material removal rates were obtained, allowing for relatively short and at the same
time controllable polishing times.
Anyway, compared to the polishing homogeneity, the overall polishing abrasion turned out to
be increasingly complex to control using the tabletop polisher. As already explained in the
experimental section, the removal rate described by Eq. 4.12 does not only depend on pressure
P (x, y) and relative velocity v(x, y), but rather includes all parameters related to the wafer
surface, the polishing slurry and the applied pad in the Preston coefficient Kp [122]. Even under
steady polishing conditions the material removal rate sometimes varied significantly. To a large
extent this might be attributed to the polishing head layout, as the way of sample mounting in
the wafer carrier (cp. section 4.2.2) likely induces pressure deviations between single samples.
Besides, the manual supply of the polishing slurry could lead to slight variations in concentration.
Nevertheless, similar difficulties are reported by other groups where the polishing head layout
was tailored especially for CMP on a tabletop polishing machine and a constant slurry flow was
provided [125]. Figure 6.27 illustrates some material removal rates obtained for the different
dielectric spin-on oxides under steady processing conditions as a function of polishing time.
Although the absolute values of the achieved polishing rates are in a range that allows to remove
the dielectric layer from top of the ferroelectric islands in a controlled manner with reasonable
polishing times, the relative large variations hamper polishing to a predefined endpoint. Hence,
in preparation for electrical characterization as described in chapter 6.5, where the overall
material removal has to be precisely within a desired range, usually series consisting of multiple
samples were polished with varying polishing times.
6.4.3 Sample Cleaning
A successful CMP process always includes an effective cleaning of the wafer surface after
polishing. This is of special importance as CMP is inherently “dirty” compared to other
17This holds true for the initial polisher setup. The lately installed polishing head rotary drive allows for a stable
head rotation also at lower pad velocities.
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FIGURE 6.27: Material removal rates (MRR) for the different dielectric matrix materials using steady
processing conditions and varying polishing times. All results were obtained on a MasterTex polishing
pad applying a pad rotation of 30 rpm and a coaxial polishing head sweep of 15 per minute. The spin-on
glass layers were cured in nitrogen atmosphere at 425◦C (MSQ) and 450◦C (HSQ). The Al2O3 films
were cured at 450◦C in ambient. Data points that are related to single sample series are connected by
dashed lines. In order to obtain feasible removal rates, the polishing pressure was reduced in case of
the Al2O3 layers. Note, that the data points are approximate values as they were obtained averaging the
remaining layer thickness from cross-sectional SEM images.
processes in semiconductor industry. Above all, the developed CMP process was not carried
out in a cleanroom environment, so the impact of contaminations from the surroundings is
increased. When cleaning the samples by continuative polishing with deionized water for about
30 seconds18, particles likely remained on the surface as exemplarily illustrated in Fig. 6.28.
The red circles mark particles that predominantly stick to uncovered PTO grain tops after
polishing. These are likely residues of the abrasive particles from the polishing slurry. The
particle highlighted by the yellow circle is from the environment. The sudden drop in pH
value when cleaning by polishing with deionized water causes the slurry particles to lose there
repulsive surface charge and stick to the substrate surface. Hence, a basic solution should be
applied for cleaning in order to minimize the particle contamination on the polished samples.
Good cleaning results were obtained rubbing the substrates with a polyvinyl alcohol sponge
soaked in a 2 % NH4OH solution directly after CMP [125]. This process was followed by an
IPA rinse and finished by a standard cleaning process.
18All cleaning steps were followed by a standardized cleaning process, flushing the samples in acetone and
isopropyl alcohol under ultrasonic agitation and rinsing them in deionized water.
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FIGURE 6.28: Cross-sectional SEM image of PTO islands in a layer on MSQ after 2 minutes of
polishing using a 1:5 diluted Syton slurry. The sample was cleaned after the dedicated CMP step
by continuous polishing while replacing the slurry by deionized water. A high particle concentration
remained on the sample surface after cleaning. The yellow circle marks a particle that likely stems from
the environment. The particles marked by the red circles, that almost exclusively stick to the uncovered
tops of the PTO islands, could be residues of the abrasive SiO2 particles from the Syton slurry.
6.4.4 Optimized Process Parameters
To summarize our studies on removing the dielectric insulating matrix from top of the functional
PTO grains, the optimized process parameters using the tabletop polisher for CMP are listed
in Table 6.6. Using these parameters, best results in terms of polishing homogeneity, feasible
material removal rates as well as clean substrates after polishing were obtained. As already
explained, the main drawback of the actual setup is the stability of the process with respect to
the material removal rates encountered. Despite the fact that the applied tool is not dedicated to
chemical mechanical planarization uniform milling of the dielectric matrix within nanometer
dimensions was achieved.
6.4.5 Polishing of Ferroelectric Nanoislands
Although it was already demonstrated that the PTO islands in the embedded state are piezo-
electrically active after polishing (as for example illustrated in Fig. 6.26), the basic question
remains, to what extent the ferroelectric interface layer on top of the islands might be chemically
or mechanically modified during CMP. To answer this question polishing experiments on
non-embedded PTO grains were carried out [156]. For this, PTO islands based on a single
coating of a 0.17 M precursor concentration were deposited onto platinized silicon substrates and
directly polished basically applying the parameters specified in Table 6.6. In particular, the same
polishing head pressures and slurry were employed, but reduced polishing times. The influence
of the polishing step on grain morphology is depicted in Fig. 6.29, where as-deposited PTO
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Parameter Description
Substrate Dimensions 1 cm2 square
Polishing Pad MasterTex (Buehler) / soaked in H2O before polishing
Slurry Syton-SF1 1:5 diluted with DI water
Pad Rotation 30 - 35 rpm
Head Pressure maximum for HSQ/MSQ, reduced for Al2O3
Head Sweep 15 per minute
Substrate Cleaning PVA sponge 2 % NH4OH; H2O and IPA rinse + standard clean
TABLE 6.6: Summary of the process parameters that yielded the best results regarding polishing
homogeneity, material removal rates, process stability and clean substrates for the CMP process.
grains are compared to similar islands after 30 seconds of CMP. Regarding the polished islands,
only a few nanometers of the initial islands heights are left after polishing, rather appearing as
flat “pancakes” than three dimensional grains. The polishing process was completely abrasive.
No delamination of grains due to shear forces during CMP or sample cleaning could be detected.
A further increase in polishing times exceeding 30 seconds resulted in an complete abrasion of
the grains down to the platinum bottom electrode.
Due to the relatively high removal rates encountered, the grain abrasion across the polished
samples was not entirely uniform. The average grain heights after polishing rather differed in
the range of about 10 nm. Figure 6.30 displays topographic data obtained from AFM scans of a
sample that was polished for 15 seconds compared to that of an unpolished sample. In case of
the polished sample the maximum grain height was brought down to about 25 nm, conterminous
with a removal of about half of the initial island heights. The overall reduction in grain heights
is indicated by the increased slope of the area fraction curve after polishing. In order to prove,
whether and to what extent the depicted PTO grains are still ferroelectric after polishing, PFM
scans of the samples as illustrated in Fig. 6.31 were carried out. Even after reduction of half
their initial heights, the grains show clear piezoelectric activity and even domain structures are
evident. As no degradation of piezoelectric activity is detectable at this stage, the PTO grains
are not obviously chemically or mechanically deteriorated by the CMP process.
As piezoelectric activity itself does not prove the ferroelectric island properties, the piezoelectric
tensor of the polished grains was reversed in order to confirm ferroelectric functionality as illus-
trated in Fig. 6.32. Here, a selected PTO grain of 15 nm in height was switched bidirectionally
by applying a DC voltage between the Pt/Ir probe tip of the AFM and the platinum bottom
electrode in between single scans. Polarization reversal of the highlighted, uniformly polarized
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FIGURE 6.29: Cross-sectional SEM pictures of: PTO grain morphology of an unpolished sample (top);
Similar islands after 30 seconds of polishing (bottom). The lateral grain dimensions are nearly unchanged
while only a few nanometers of the original grain height are left after the polishing step. Most surprisingly
in this context is that the PTO structures remained on the substrate during polishing.
grain is demonstrated in the in-plane phase diagram. Partial switching occurred as the switching
voltage is only locally induced by the probe tip. For the depicted case, simultaneous switching
in the out-of-plane phase diagram (not shown) indicates 180◦ switching here.
As the presented method shows that neither the chemical agents nor the mechanical abrasion
during polishing significantly affect the ferroelectric performance of the PTO nanoislands, it
might also be used where nanomanipulation of grain morphology is desired. As it was already
discussed in chapter 6.1, the grain morphology in case of the bottom-up grown PTO islands
deposited by CSD is mainly statistically determined. Only average structural dimensions can be
varied by changing the process parameters. The presented CMP process now offers the additional
possibility to gain control on shape and aspect ratio of the grains, respectively. This technique
might provide new insights into the correlation between structure, shape, and ferroelectric
properties and could give substantial feedback for the interpretation of atomic-force-based
scanning techniques like PFM. Fine tuning of the polishing parameters could even allow for the
manipulation of islands close to the critical thickness of ferroelectricity.
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FIGURE 6.30: Topographic information on polished PTO islands compared to the corresponding
as-grown state. The plot on the left displays the normalized area fraction of grains below a certain
threshold height. After 15 seconds of polishing the higher slope of the curve indicates the convergence
of grain heights. Here, the fraction of lower islands levels significantly increased. Note, that a platinum
background of 20 % was subtracted which initially takes part in the height distribution, leading to a total
area fraction of PTO grains of about 80 %. The actual area fraction of grains might be lower, but the
probe tip diameter of the AFM contributes to the grain diameters. This correction of topography from the
Pt bottom electrode was not done in case of the three dimensional AFM scans on the right, hence these
contain an increased height information.
FIGURE 6.31: In-plane PFM signal of an unpolished sample (left) compared to that of the sample that
was polished for 15 seconds (right). For comparability reasons, both measurements were performed with
a voltage of 1 V at a frequency of 7 kHz applied to the same probe tip under equal lock-in settings. After
polishing, the grains show strong and well defined piezoelectric activity in magnitude and phase. Even
domain structures are clearly visible. At this stage of polishing no degradation of piezoelectric activity is
detectable.
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FIGURE 6.32: Bidirectional switching of a PTO grain that was polished for 15 seconds. The highlighted
grains is fairly round, about 15 nm in height and 100 nm in diameter. The single images depict:
a) topographic information, b) in-plane phase information before switching, and c,d) in-plane phase
information after applying DC voltages of -5 V and 5 V to the grain, respectively.
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FIGURE 6.33: AFM (left) and cross sectional SEM (right) image of 100 nm wide PTO grains grown on
a 250 nm pitch. The islands are smoothly embedded in a roughly 30 nm thick layer of MSQ. Regarding
the SEM image, the breaking edge and the surface of the dielectric film both appear completely plane.
Here, the PTO grains appear as bright shades in the dielectric layer. The AFM scan of the sample reveals
a slight topography, with the MSQ film on top of the islands being about 5 nm higher than the surrounding
area.
6.4.6 Integrated Ferroelectric Nanostructure Arrays
The presented integration scheme for ferroelectric PTO nanostructures is a broadly applicable
process and not restricted to self-assembled grown islands. In principal, integration is also an
option for the registered grown PTO arrays as described in section 6.2. Regarding the variations
in material removal rates encountered during CMP (cp. section 6.4.2) however, gaining electrical
contact to these kind of ferroelectric islands is significantly hampered. This is due to the fact,
that the CSD method based on nucleation sites results in grain heights that are merely in the
range of 15 nm to 20 nm (cp. section 6.2.4). Although a controlled polishing to the grain tops is
therefore not really feasible, it is nevertheless possible as will be shown in this section.
The sheer embedding of the PTO grain arrays in a dielectric matrix is plain sailing, as the
dielectric layer strength can be adapted precisely to the islands heights. After spin-on dielectric
deposition and cure, the sample surface is nearly leveled as shown in Fig. 6.33. To a certain
extent, the PTO islands stand out underneath the dielectric film as the layer was spin-coated to a
thickness merely extending and covering the highest grain tops. The arrangement of grains in the
dielectric layer is nicely illustrated by both the SEM and AFM scans. In order to gain electrical
contact to the grain tops, about half of the initially deposited dielectric film strength has to be
removed. Figure 6.34 illustrates the piezoelectric activity obtained on a sample that was polished
for 40 seconds, where the PTO islands were freed from the dielectric layer on the entire seed
area (250 µm × 250 µm). The sample surfaces are extremely plane after polishing with rms
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FIGURE 6.34: PFM scan of a in MSQ embedded PTO grain array after 40 seconds of CMP. The islands
were grown onto 100 nm nucleation sites. The topographic image on the left displays an almost perfectly
plain surface, only disrupted by minuscule holes (around 2 nm in depth as indicated by the line-scan)
on the grain sites. Piezoresponse scans taken with 1 V at 7 kHz applied to the probe tip show distinct
piezoelectric activity of the embedded islands and hence, prove the electrical accessibility after polishing.
Note the hight registration of piezoelectric active regions while the surface topography is almost entirely
flat.
values around 0.4 nm. Especially striking is the observation, that the island tops correspond
to pits rather than risings in topography. These pits, about 2 nm in depth, facilitate electrical
contact to the grain tops and hence, correlate well with the piezoelectric active regions in the
out-of plane and in-plane PFM measurements. Piezoelectric regions like this were not detected
in case of unpolished samples, even when high excitation signals of 3V at 7 kHz were applied
to the probe tip of the AFM. Upon closer inspection one can notice that few sites in the array
of grains show no piezoelectric activity. As far as the corresponding topography is plane, this
could be due to residues of insulating material still present on the grain top, whereas the higher
grain that sticks out in topography is probably of a non-perovskite phase.
Pits in topography like the ones displayed in Fig. 6.34 also sporadically appeared in case of
self-assembled grains as soon as the grain tops were approached during polishing. Extended
polishing, however, lead to plane surfaces and finally to flat PTO islands emerging in topography
as was illustrated in Fig. 6.26. The increased amount of pits in case of registered PTO grains is
likely due to the uniform island heights. At a certain point, they could be created due to low
adhesion of the dielectric layer, causing the remaining insulating material to be stripped off
abruptly from the PTO island tops rather than being polished.
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FIGURE 6.35: PFM images of registered 100 nm wide and about 15 nm high PTO grains embedded in
MSQ. All images were obtained applying 1 V at 7 kHz to the cantilever. The highlighted grain from the
in-plane amplitude image (left) was switched bidirectionally as indicated in the out-of-plane and in-plane
phase images on the right. Those are further magnified and show (from left to right): phase of the island
before switching, phase of the island after applying 3.5 V DC and phase after applying -3.5 V DC. The
switching process is identified by partial reversal of the phase sign in between the single scans, being
more pronounced in case of the second switching event.
As the electrical contact to the registered ferroelectric grains is facilitated, switching is an option
to prove the ferroelectric properties of the PTO grains in the embedded state. Again, islands
were switched by using the probe tip of the AFM as temporary top electrode and applying DC
voltages in between single scans. An example of switching an registered, embedded PTO grain
is shown in Fig. 6.35. As can be seen from the phase images, it is rather parts of the island that
switch instead of the entire grain. Again, this is due to the small tip curvature, contacting the
PTO surface only locally. In addition, due to the minor lateral grain dimensions, thermal drift of
the cantilever impedes exact tip positioning, inhibiting bidirectional switching at the absolute
same position.
It was shown that merging the two approaches, the growth of highly ordered ferroelectric
nanostructure arrays on nucleation sites by CSD and the embedding of ferroelectric structures
in a dielectric matrix providing electrical contact by CMP, is generally possible. This sets
a step towards further integration as it in principle allows to equip the functional structures
with individual top-electrodes. So far this is hindered due to the fragility of the CMP process.
In addition, aligning in EBL is critical for the lateral dimensions and a poor thermal stability
of the aligning marks hampers precise positioning of the top-electrodes. Hence, although
ferroelectric nanostructures with a similar integration density in an embedded state were shown
in literature recently [98], no nanoscaled ferroelectric capacitor structures based on bottom-up
grown ferroelectrics were presented so far.
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FIGURE 6.36: Schematic sample setup enabling direct electrical characterization of bottom-up grown
PTO islands by CSD. The nanosized PTO structures are embedded in a layer of flowable oxide, equipped
with microscopic, collective top-electrodes. Insert on the right: cross sectional SEM image of an
embedded and polished PTO grain of about 50 nm in height.
6.5 Direct Electrical Characterization of Ferroelectric Nanoislands
The main difficulties encountered when measuring sub-micron capacitors are the reduced
ferroelectric signal in connection with increased parasitic capacitances of the measuring setup,
leakage, and noise. The smallest ferroelectric capacitors electrically characterized to date in
terms of remanent polarization Pr and coercive field Ec were restricted to 200 × 200 nm2
[14, 15]. Anyway, direct electrical characterization of sub-100 nm ferroelectric structures
becomes feasible, when the structures are measured in parallel, provided that they are in an
embedded state and the film parameters of the non-polar insulating matrix are of minor influence
or at least ascertainable [157].
In the present chapter, direct electrical characterization of ferroelectric nanostructures is dis-
cussed with respect to large signal I-V measurements. Unless otherwise noted, the PTO
nanoislands were grown using a single coating step with a 0.17 M precursor concentration for
the reasons described in section 6.1.5. After embedding, CMP provided electrical contact to the
grain tops (cp. chapter 6.4) and the ferroelectric islands were equipped with collective platinum
or gold top electrodes by optical lithography. The electrodes were round with diameters between
80 µm and 400 µm so that electrical contact could be provided by microscopic probe needles.
The general sample setup is depicted in Fig. 6.36. Direct electrical characterization was carried
out using an aixACCT TFAnalyzer ferroelectric test system with FE module as described in
section 5.2.1. Triangular voltage curves were applied to the samples and the current response
was recorded.
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FIGURE 6.37: I-V curves of HSQ embedded PTO grains (red) of about 40 nm in height and of an
approximately 80 nm thick continuous PTO thin film (black). Both curves were measured at 100 Hz
using Pt top-electrodes of 200 µm (grains) and 80 µm (layer) in diameter. The PFM inset on the top
left displays the percentage of piezoelectric activity that could be recorded on the embedded PTO grain
surface.
6.5.1 Electric Measurements on Embedded Ferroelectric Grains
In contrast to large signal I-V measurements of continuous ferroelectric thin films, the direct
electrical characterization of collectively embedded ferroelectric nanoislands that are merely
50 nm in height is complex. Concerning technology, a very narrow process window between
gaining electrical contact to the highest grain tops and generating shorted capacitors was
encountered. This could be due to damages induced by the CMP process and / or the minor
remaining layer thicknesses, but also due to exposed boundary layers between the PTO grains
and the dielectric matrix. Nevertheless, for samples were the above mentioned condition was
met, clear switching peaks of the nanoscaled ferroelectric grains were detected with curve
progressions analog to those measured on PTO thin films [158]. These results were largely
independent of the dielectric matrix material applied. Figure 6.37 illustrates the current response
of PTO islands in a layer of HSQ in comparison to that of a continuous ferroelectric PTO film
fabricated using the same chemical synthesis route for the precursor solution (cp. section 4.1.1).
On the samples where distinct displacement current peaks as shown in Fig. 6.37 were obtained,
PFM scans indicated piezoelectric activity and therefore electrical contact to grain tops in
between the top-electrodes on the surface, as indicated by the PFM scan inset. Pure dielectric
matrix layers only featured linear lossy dielectric currents on voltage excitation as exemplarily
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FIGURE 6.38: I-V curves of HSQ embedded PTO grains (left) and of a pure, chemically polished HSQ
thin film (right). The HSQ film was deposited to a thickness of about 70 nm and subsequently polished
for 3 minutes using similar polishing conditions as for the embedded PTO grain samples. While distinct
switching current peaks appear in case of the embedded PTO grains, only lossy dielectric I-V curves are
recorded from the pure dielectric matrix layers that feature a significantly improved symmetry.
illustrated on the right of Fig. 6.38. The pure HSQ film shown here was measured after
CMP using similar processing conditions as for the embedded grain samples. Analog curve
progressions were obtained for pure MSQ and Al2O3 layers, independently of an optional
polishing step.
6.5.2 Equivalent Circuit Diagram and Simulation
In contrast to pure ferroelectric layers, the current response in case of embedded PTO nanoislands
can be considered to be a superposition of a ferroelectric signal (i.e. ferroelectric displacement
currents) and both capacitive and leakage currents through the network of PTO islands and the
dielectric matrix. The different contributions to the overall current response become apparent
when regarding the equivalent circuit diagram in Fig. 6.39. The depicted diagram offers a
simplified description of reality as it neglects boundary layers like the electrode interfaces or the
grain - dielectric matrix interface. Nevertheless, it helps to explain effects that are measured on
embedded ferroelectric nanostructures as will be discussed in the following sections.
In order to verify the basic eligibility of the proposed circuit diagram in terms of description
of the recorded I-V curves, the suggested network was implemented in a SPICE-level analog
circuit simulation tool (Virtuoso Spectre Circuit Simulator, Cadence Inc.) using an already
existing implementation of a ferroelectric capacitor [159]. The PTO grain height distribution
was adapted from the graph displayed in Fig. 6.26 that was recorded on islands deposited with a
0.17 M precursor and a single coating step. The simulation results of these islands in a 40 nm
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FIGURE 6.39: Equivalent circuit diagram for embedded ferroelectric nanograins with a statistical height
distribution. The exponential leakage current is described by inverse diodes. CILD represents the total
capacitive current through the ILD in parallel to the ferroelectric grains (PTOi). Every distinct island
is subject to a residual ILD or a defective boundary layer, leading to a voltage drop across the in-series
elements Ci and Ri.
thick layer of HSQ, corresponding to the recorded I-V curves as illustrated in Fig. 6.37, are
depicted in Fig. 6.40. PTO surfaces of equal height were in a first approximation summarized to
distinct parallel elements consisting of a ferroelectric capacitor CPTOi in series with a respective
residual dielectric layer (CHSQi , RHSQi) on top. As the step size between the distinct height levels
was set to 1 nm, this resulted in 41 parallel branches for the entire network as depicted on the
bottom right of Fig. 6.40. In case of the polished grain fraction no dielectric in-series element
was implemented. Leakage currents through the network as described by inverse diodes in
the equivalent circuit diagram were neglected as was leakage through the ferroelectric grains.
The feasibility of the proposed network becomes apparent when regarding the I-V curves
in Fig. 6.40 that show good accordance between simulation and measurement. The physical
properties that were applied for the dielectric and ferroelectric capacitors for the simulation
are listed in Table 6.7. Regarding the displacement current peaks, those are especially well
fitted by the simulation on the negative voltage branch while the conformity on the positive
branch is less. In contrast to the measured I-V curves, the simulated network is symmetric so
the switching characteristics can only be adapted to one of the peaks. This switching is mainly
determined by the coercive field that was scaled height-dependent according to the Kay-Dunn
Law [150, 151], as well as by the impedance of the dielectric layer in case of the covered PTO
grain areas. In order to obtain switching of these grains (ripples in the simulated curves at
voltages beyond the main displacement current peak), the resistivity of the dielectric film had
to be chosen surprisingly low even for the thinnest HSQ layers of a few nanometers. At least
for areas with a thicker HSQ film on top of the grains the resistance was adapted to approach
literature values.
Besides the non-symmetric switching, the measured curves show an increased capacitive widen-
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FIGURE 6.40: I-V curves of an approximately 40 nm thick layer of HSQ embedded, uncovered
PTO islands recorded at three different frequencies (50 Hz, 100 Hz and 250 Hz) and the corresponding
simulation results based on a grain height distribution as illustrated in the graph on the bottom right. For
the simulation the surface fraction of freestanding ferroelectric grains was assumed to be 2.5 %. All other
values are listed in Table 6.7. The linear dielectric capacitive current through the network towards larger
frequencies was exemplarily reproduced by increasing the dielectric permittivity of the matrix layer in
Simulation 2 by a factor of 6.
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Parameter Simulation 1 Simulation 2
Sample Area 0.031 mm2
Saturation Polarization PS 30 µC/cm2
Positive Coercive Field Ec+(x) 185 kV/cm × ( x40 nm)−2/3
Negative Coercive Field Ec−(x) −245 kV/cm × ( x40 nm)−2/3
Linear Dielectric Constant εr,PTO 300
Dielectric Constant εr,HSQ 4 24
Resistivity ρHSQ (x) 25 kΩm × ( x1 nm)2.5
TABLE 6.7: Physical properties used for the equivalent circuit diagram elements resulting in the
simulated I-V curves as illustrated in Fig. 6.40. The variable PTO height is denoted by x.
ing towards higher frequencies compared to the simulation results. As we are dealing with
multiple parameters, there is more than one option to compensate for this effect: First of all
the dielectric constant of the matrix material can be increased as it was done for Simulation 2.
Physically this would indicate areas in the films of higher dielectric permittivity. Another option
would be to even further reduce the resistivity of the dielectric layer. Anyway, one has to bear in
mind that the presented simulation is a first order approximation and the distribution of PTO
islands within the HSQ matrix is only estimated. The same effect of a larger capacitive curve
widening would therefore be obtained when postulating an increased surface fraction of grains
underneath a thinnest dielectric or defective boundary layer below 1 nm in strength. For this
case, also switching would be facilitated for covered grains.
6.5.3 Ferroelectric Properties of Embedded Ferroelectric Grains
As it will be shown in section 6.5.6, integration of the current signal of a ferroelectric only
yields a hysteresis loop when the ferroelectric displacement current largely prevails the overall
current response. Otherwise, the characteristic material values coercive field Ec and remanent
polarization Pr are significantly falsified [160]. Nevertheless, the I-V curve of the material
provides precise information even in presence of capacitive and leakage current contributions.
In case of ferroelectric switching, the pure peak areas in the current response I correspond to
the change of polarization ∆P on the sample surface as indicated in Fig. 6.41. It is therefore
possible to integrate the peaks over the applied voltage V in order to obtain a value for the
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FIGURE 6.41: Enlarged view of the positive voltage branch displacement current peak as shown in
Fig. 6.37 (measured on the embedded PTO nanoislands). Coercive field Ec and coercive voltage Vc are
attributed to the peak position in the I-V curve. The peak area corresponds to the overall displacement
charge during switching and therefore equals the change in polarization ∆P .
remanent polarization Pr of the sample analog to
Pr =
1
2
·
dt
dV
·
V2∫
V1
i(V ) · dV
A
. (6.22)
Here, A denotes the top-contact area and the integration limits V1 and V2 mark the positions
where the peak initiates and terminates, respectively. The factor 1/2 is inserted as ∆P of a single
peak switches between positive and negative remanence +Pr and −Pr. As all measurements
were carried out using a triangular voltage excitation, the derivative of voltage with respect to
time is constant:
dV
dt
= 4f · Vˆ , (6.23)
where Vˆ is the amplitude of the triangular excitation signal and f is its frequency.
In order to avoid integration of dielectric and leakage current contributions, these have to
be eliminated before integration, most ideally by subtracting a corresponding non-switching
from the switching current response. As non-switching responses are not obtained for all
measurements, in a first approximation an exponential growing current background can be
subtracted in such a way that it sets the overall current to zero at the integration borders of the
peak. Note, that the absolute polarization switching might be slightly underestimated with this
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method as the actual peak shape is unknown and switching of grains outside the peak at higher
voltages is neglected. Therefore, integration over the current peak yields the polarization of the
polished island fraction rather than the overall displacement current.
For the PTO grain sample as depicted in Fig. 6.37 switching charges up to 5 µC/cm2 were
calculated. The peak displayed in Fig. 6.41 corresponds to a change in polarization ∆P of
around 3.5 µC/cm2. In comparison to the remanent polarization Pr values of up to 45 µC/cm2
that are obtained for continuous PTO thin films [148], the calculated values seem to be rather
small. Nevertheless, they are confirmed regarding the PFM inset in Fig. 6.37 showing the
piezoelectric activity of the PTO grain sample surface in between the top electrodes. Only few
spots of the sample surface show piezoelectric activity, indicating that only the highest grain tops
are in good electrical contact to the probe tip. Assuming that in case of a continuous PTO film
almost the entire film contributes to the switching process, the calculated ∆P values correspond
to a surface fraction of 4 - 6 % that switches in the narrow voltage range of the current peaks.
Grains underneath a residual insulating layer might switch as well, but at higher voltages and
over a large voltage range.
Regarding the coercive field Ec, it is defined as the external electric field where the macroscopic
(overall) polarization in the hysteresis plot becomes zero. Where due to parasitic current
contributions no reliable hysteresis plot is obtained, Ec can be considered as the electric field at
the current peak positions of the corresponding I-V curve analog to
Ec =
Vc
d
, (6.24)
where Vc is the coercive voltage at maximum peak current and d denotes the sample and island
thickness, respectively (cp. Fig. 6.41). For the embedded PTO islands as depicted in Fig. 6.37,
having layer thicknesses d of about 40 - 50 nm after polishing, coercive fields in the range
of 200 kV/cm were obtained. Although these values are slightly enhanced compared to the
coercive fields obtained from hysteresis plots conducted on PTO thin films [148], they are much
closer to realistic conditions as compared to the switching fields encountered in PFM [141, 142].
As will be discussed in chapter 6.5.4 in more detail, it is important to realize that the calculated
values for both the coercive field Ec and the remanent polarization Pr only refer to the PTO
grain fractions that actually switch in the applied voltage range. This amount might be altered
by changing measuring parameters like voltage-amplitude or frequency.
Although polarization and coercive fields calculated from the embedded PTO grain samples
are in good agreement with literature, the displacement peak behavior was studied in more
detail, with special care devoted to the ferroelectric properties of the encountered switching
peaks. The stability and switching characteristics of the peaks were measured by pulse trains
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FIGURE 6.42: Example of a pulse measurement conducted on MSQ-embedded, polished PTO grains
under a 100 µm Pt top-electrode. All reading pulses had a frequency of 100 Hz with a fixed amplitude of
2.8 V. The amplitude of the pre-polarizing trapezoidal (writing) pulse was varied with a holding time of
5 ms. The differentiation between non-switching, switching and switching pulses after a reduced writing
pulse amplitude is indicated in the legend.
with varying voltage pulse sequences to the samples as described in section 5.2.1. Figure 6.42
illustrates the influence of the pre-polarizing (writing) pulse amplitude on the back-switching
peak of PTO islands in a layer of MSQ. As expected, for falling writing pulse amplitudes
(crossing the switching peak on the negative voltage branch) the area of the back-switching
peak gradually vanishes, until at a reduced pre-polarizing pulse of -1.4 V, no back-switching is
existent anymore. Most remarkably in this context is that the rising edge of the peak remains
constant, demonstrating the cycling of ferroelectric sub-loops at the reduced writing amplitudes
rather than electrochemical processes. Besides, electrochemistry can not explain the need for a
pre-polarizing pulse in order to get current peaks. When two pulses are applied consecutively
into the same direction, the second pulse is always of non-switching nature, independent from
the frequency applied within the measuring range up to 2 kHz. In addition, the switching peaks
are stable even for a maximum delay time between writing and reading of 30 seconds, which is
also a strong indication for the ferroelectric nature of the observed peaks.
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FIGURE 6.43: Current response of HSQ embedded PTO grains measured at 100 Hz. The PFM insets
indicate a much better electrical contact to the PTO islands for the red curve (200 µm diameter platinum
electrode) than for the black curve (75 µm diameter gold electrode). For comparability reasons both PFM
scans were conducted under equal settings using the same probe tip with 4 V at 7 kHz. Note, that the
remaining layer thicknesses stated in the legend are estimated on the basis of the respective piezoelectric
active surface ratios.
6.5.4 Influence of the Polishing Grade
As already mentioned in section 6.5.3, the degree of uncovered PTO grain tops is essential for the
subsequent direct electrical characterization of embedded ferroelectric nanoislands. Although
one would expect that the polishing abrasion across a sample’s surface is not entirely uniform,
the I-V characteristics obtained on single samples were relatively homogeneous. Deviations first
and foremost appeared between samples that where polished to different extents. With increasing
polishing time, the samples started showing dielectric I-V curves before peaks emerged in the
current response and soon after this the amount of electrically short pads tremendously increased.
Remarkably, as long as the highest grain tops were not freed from the insulating material, the
samples showed reduced leakage and sustained significantly larger electric fields before going
short-circuit.
The influence of a residual layer on top of the PTO grains is depicted in Fig. 6.43. Even for
samples that exhibited minor contact to the highest grain tops switching peaks could be obtained,
but towards significantly larger coercive fields and at the same time extensively broadened.
While the peak on the positive voltage branch of the black curve in Fig. 6.43 is still distinct,
the peak on the negative branch is completely smeared out. This is plausible since a residual
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FIGURE 6.44: I-V measurements of HSQ embedded PTO islands analog to the black curve in Fig. 6.43.
The frequency dependence of the switching field in case of minor electrical contact is displayed on the
left. The peak positions are exemplarily marked by black dots on the positive voltage branch. The curves
on the right were obtained applying the triangular voltage signal with constant frequency but changing
amplitudes. Note, that all current responses were subsequently adapted to the voltage slope for the 9 V
amplitude analog to Eq. 6.23.
dielectric layer on top of the PTO grains acts as voltage divider that increases the field necessary
for switching the embedded islands. For the depicted case the observed peak corresponds to
a switching field of about 1.2 MV/cm. This switching field and therefore the peak position is
frequency dependent as shown in Fig. 6.44. Regarding the frequency-dependent measurement
on the left of Fig. 6.44, at first glance it seems that the current peaks move towards higher
voltages for rising frequencies and that this trend saturates for the highest frequencies applied.
Anyway, on closer examination one can see that the current peak on the negative voltage branch
is slightly shifted towards higher voltages. This shift causes the positive peak position to remain
constant even when the negative peak gradually moves out of the applied voltage range at
increased frequencies. Frequency dependent sub-loops are cycled, resulting in a continuous
drop of the effective displacement charge towards higher frequencies. At 100 Hz the switched
charge density was calculated to about 20 µC/cm2 and merely 1 µC/cm2 of switching charge
density is left at 1.5 kHz.
Analog sub-loops are obtained upon change of the applied voltage amplitudes as illustrated
in Fig. 6.38 on the right. For reduced amplitudes, only parts of the initial current peaks
remain, showing the same curve progression at the switching onset but ceasing at lower voltages
compared to the original peak. Due to the polarity-dependent shift in switching voltage, this
effect is especially defined on the positive voltage branch where the peaks decay before the
maximum voltage is reached.
The switching of sub-loops in terms of different PTO grain fractions is intrinsically associated
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FIGURE 6.45: Frequency dependent I-V measurements of MSQ embedded PTO nanoislands conducted
with Pt electrodes of 100 µm in diameter. Although the observed peaks are distinct, especially on the
negative voltage branch the peaks are slightly broadened and shifted towards higher amplitudes.
to the sample setup. Especially for samples with poor electrical contact to the grain tops, where
switching takes place at elevated voltages and in a large voltage range, the applied voltage
amplitude strongly determines the amount of grains that contributes to the switching process.
Hence, calculated switching charges strongly deviate both voltage- and frequency-dependent. In
case of samples with electrically accessible grains of a constant height, an increasing amount
of grains switches at reduced voltages within a narrow voltage range. Hence, the displacement
current peaks become more distinct and move towards lower voltages. As long as those peaks are
completely cycled within the applied voltage range (cp. for example the I-V curve on the left of
Fig. 6.38), the calculated switching charge is almost independent from the measuring conditions.
Unfortunately, with improved contact to the PTO grain tops (larger polishing abrasion) the main
tendency was that leakage currents increased until only shorted capacitors were obtained. This
hampers a complete cycling of the displacement current peaks even as they emerge at relatively
low voltages.
While the sample as illustrated in Fig. 6.44 shows a strong dependence of the switching peak
voltage on frequency, this tendency is significantly reduced for samples that switch at lower
voltages, i.e. where the electrical contact to the grains is increased and where distinct switching
peaks are obtained. Figure 6.45 shows frequency-dependent I-V curves measured on a sample
with MSQ embedded PTO grains. The peaks in the depicted I-V measurements are somewhat
broadened and shifted towards higher voltages compared to the HSQ embedded samples as
discussed in section 6.5.3. This indicates that the PTO grains are still covered by a minor
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dielectric layer. Nevertheless, only a marginal shift of the displacement current peaks towards
higher voltages is detected in the applied frequency range. As described before, this tendency
comes along with a decrease in displacement charge when the applied voltage range cuts off one
of the current peaks like it occurs here on the negative voltage branch. The switching charge
at 100 Hz was calculated to 7 µC/cm2 and it is about half of it at 2 kHz. Remarkably, at lower
frequencies the positive displacement current peak consists of two maxima. Similar peak shapes
were observed in literature on thinnest ferroelectric thin films and were attributed to the pinning
of ferroelectric domains [32].
A slight increase of coercive field Ec with frequency is also found on ferroelectric thin films
[61, 161] and can be fitted well in case of poly-crystalline films by a nucleation limited switching
model of independent switching regions [162]. The equivalent circuit diagram in Fig. 6.39 might
give an explanation for the increased frequency dependence that is observed in case of poor
electrical contact to the PTO grain tops. Using Eq. 6.23 for a triangular voltage excitation the
capacities C in the network can be written analog to
C =
Q
V
=
i
dV / dt
=
i
4f · Vˆ , (6.25)
resulting in an impedance Z of
Z =
1
4f · C . (6.26)
The total impedance of a dielectric layer on top of a distinct PTO grain can therefore be written
as follows:
Ztot =
Ri
4f · CiRi + 1 +
1
4f · CPTO . (6.27)
Under static measuring conditions the total impedance is mainly determined by the capacitance
CPTO of the ferroelectric grain. At higher frequencies f a growing voltage fraction drops
across the dielectric layer as long as its resistance Ri dominates its impedance. Further increase
in frequency results in a constant potential drop across the dielectric, determined by the in-
series capacity ratios. This frequency-dependent influence vanishes for reduced dielectric layer
thicknesses, as Ci rises and Ri falls. Note, that the model is simplified as leakage through the
ferroelectric grains is not regarded and the capacitance CPTO of the PTO islands is non-linear.
Especially during switching CPTO might be significantly enhanced.
As noted before, I-V curves with distinct switching peaks were obtained independently of the
dielectric composition used for insulation. Due to the critical polishing step anyhow, a distinct
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FIGURE 6.46: Frequency dependent I-V measurements of Al2O3 embedded PTO nanoislands using Pt
electrodes of 100 µm in diameter. Analog to Fig. 6.45, the voltage peaks are broad and at relatively high
voltages. As the peaks on the negative voltage branch are shifted towards higher voltages, again sub-loops
are cycled. The calculated displacement charge at 100 Hz is around 5 µC/cm2 for the depicted case.
differentiation between effects that are induced by the dielectric material and general processing
influences is not feasible. Generally, compared to the silicon oxide based insulating materials
HSQ and MSQ, Al2O3 turned out to be even more delicate in terms of electrically short pads
after polishing and a low current stability of the remaining functional capacitors. Hence, only
few measurements were obtained on Al2O3 embedded PTO islands. An example of such a
measurement is illustrated in Fig. 6.46, where frequency dependent I-V curves were recorded.
6.5.5 Increased Grain Content - Approaching a Ferroelectric Thin Film
As it was discussed in section 6.5.4, efforts to enhance the ferroelectric signal in the overall
current response by increasing the polishing abrasion were not effective. Only shorts were
obtained as soon as the polishing time was increased with respect to the samples where displace-
ment current peaks were observed. Anyway, in order to investigate the effect of an increased
ferroelectric surface amount on the I-V characteristics, the integration of larger ferroelectric
grains turned out to be an useful alternative. For this, PTO nanoislands were grown using a
0.29 M instead of the 0.17 M precursor concentration and multiple coating steps. Subsequent
processing steps in terms of embedding and polishing were carried out as described before.
Optimized displacement currents measured on PTO grains deposited with the 0.29 M precursor
solution and a single respectively three coating steps in terms of the total polishing abrasion are
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FIGURE 6.47: Frequency dependent I-V curves measured on MSQ embedded PTO grains that were
deposited by a single (left) respectively three (right) coatings of a 0.29 M precursor solution. The layer
thicknesses after polishing are in the range of 50 nm for the single coating and about 80 nm for the
multiple coating approach. With an increased surface fraction of uncovered islands, as displayed by the
PFM insets on top of the particular I-V curves, the displacement current peaks become more pronounced.
In case of the single coating about 12 µC/cm2 switch and this charge rises to 35 µC/cm2 in case of the
multiple coating approach.
illustrated in Fig. 6.47. The I-V curve progression in case of the single coating as displayed
on the left is basically analog to the ones obtained on insular nanograins based on the higher
diluted 0.17 M precursor solution (cp. Fig. 6.45). Here, the deposited PTO grains are of
increased dimensions and rather build interconnected grain networks than freestanding islands.
As displayed in Fig. 6.47 on the right, a further increase of the PTO grain content by multiple
coating steps results in I-V curves that become increasingly similar to curves that are obtained
on ferroelectric thin films, featuring distinct switching peaks for both polarities. Here, the
morphology of the embedded PTO islands of several 100 nm in diameter is that of a film
interspersed with holes analog to the grain structures depicted in Fig. 6.4.
Generally, an increased process window between distinct displacement current peaks and
electrically short pads was observed for larger PTO grain contents. As indicated by the respective
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PFM insets in Fig. 6.47, the samples show much larger amounts of piezoelectric active surface
fractions compared to insular grains based on a 0.17 M precursor solution. The island tops which
are freed from the dielectric are relatively large and exhibit defined ferroelectric domain patterns.
In case of the single coating approach the switching charges are increased up to 12 µC/cm2 and
rise in case of the three coating approach to 35 µC/cm2. This corresponds to almost 40 % of the
maximum displacement currents that are obtained on comparable, continuous PTO thin films
[148]. Within the measuring range this switching charge is nearly independent of frequency as
both current peaks are almost completely cycled.
6.5.6 Parasitic Current Compensation and Hysteresis Plots
In the previous subsections the characteristic ferroelectric material properties coercive field Ec
and remanent polarization Pr were solely discussed by means of the measured I-V curves. The
present sub-section will elucidate why. As it was already mentioned in chapter 6.5.3, a reliable
hysteresis plot is only obtained where parasitic current contributions are negligible compared to
the ferroelectric displacement current through the sample. Ideal linear capacitive currents merely
result in a constant slope of the hysteresis plot, that can either be subtracted after the measurement
[14, 163] or in-situ [15]. Anyway, such linear dielectric currents are of increased relevance when
sub-micron capacitor structures are measured, where the capacitance of the measurement setup
is large compared to that of the device under test. This is not the case for embedded ferroelectric
nanostructures measured in parallel, where the parasitic dielectric current contribution is mainly
determined by the low-k dielectric material in between the functional structures and is small
compared to the linear dielectric capacitance of the ferroelectric. Dielectric compensation in
case of embedded ferroelectric nanoislands therefore might overcompensate the measurement.
In case of embedded ferroelectric nanostructures, the main parasitic influence is that of leakage
currents that run through the thin grain - dielectric matrix networks and that significantly
inflate the hysteresis plot. Hence, the coercive field Ec and the remanent polarization Pr are
inadequately determined from the hysteresis. While in ferroelectric thin films leakage can
be reduced by post-deposition annealing of the top-electrodes, in case of the embedded grain
samples no distinct improvement in terms of the leakage like current amounts was observed.
Therefore and for the reasons described in section 6.3.3, it was desisted from post-annealing the
embedded grain top-electrodes. Fortunately, leakage can be compensated numerically without
the need for additional static leakage measurements that induce high DC stress to the samples
[164].
The leakage compensation method is based on the fact, that for a triangular voltage excitation
the ferroelectric switching currents iF and dielectric displacement currents iC are both linearly
dependent on the measuring frequency as can be derived from the equations 6.22 and 6.25.
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FIGURE 6.48: On the left: measured I-V curves of MSQ embedded PTO islands at two frequencies
(black, blue) and calculated compensated curve for the lower frequency of 100 Hz (red). The measure-
ments were performed under a collective Pt top electrode of 100 µm in diameter. The curve progression
after leakage compensation is flat, indicating that most of the exponential leakage current is subtracted.
On the right: corresponding hysteresis plots resulting from the uncompensated (blue) and compensated
(red) I-V curves at 100 Hz by integration over the overall current response.
Ohmic leakage currents instead are frequency independent and only subject to the applied
voltage V . Analog to Ref. [164] it follows, that the respective leakage compensated overall
current response icomp can be calculated to
icomp(f) =
f
f2 − f1 [i(f2)− i(f1)]. (6.28)
Provided that for the frequencies f2 = 2 · f1 holds true, Eq. 6.28 can be further reduced to
icomp(f1) = i(f2)− i(f1). (6.29)
Some I-V curves of MSQ embedded PTO islands that were leakage-compensated analog to
Eq. 6.29 and the respective hysteresis plots are given in Fig. 6.48. The calculated I-V curve
after leakage compensation features a flat curve progression, at first glance only consisting of a
capacitive current contribution resulting in a widening of the curve and two switching peaks.
The corresponding hysteresis plots were obtained according to Eq. 6.29. Here, integration is
carried out over the overall current response i(V ) with respect to the upper integration limit V ,
and the factor 1/2 is neglected in order to obtain the polarization P (V ):
P (V ) =
dt
dV
·
V∫
0
i(V ) · dV
A
. (6.30)
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FIGURE 6.49: Measured (black) and leakage compensated I-V curves (red) at 100 Hz of MSQ
embedded PTO islands. The PTO grains were deposited using a 0.29 M precursor solution and a single
(left) respectively three coatings (right). Even the leakage compensated curves show “leakage-like”
current amounts, while this effect is significantly reduced in case of the multiple coating approach.
The resulting hysteresis plots are subsequently centered with respect to the ordinate interceptions
in order to obtain |+ Pr| = | − Pr|.
The leakage compensated hysteresis loop in Fig. 6.48 is already less inflated compared to the
uncompensated plot where leakage current amounts were integrated in parallel. Nevertheless, a
remaining “leakage-like” current amount is still present. This becomes apparent when regarding
the slight increase in current on the negative voltage loop of the compensated I-V curve. Hence,
the corresponding hysteresis plot does not saturate on the negative voltage branch. The opening
of the hysteresis in positive saturation is due to the capacitive current amounts, that next to the
slope induce a slight widening of the curve. This widening becomes visible as the dielectric
thin film capacitance is large compared to the observed switching charges, but in contrast to the
induced slope it cannot be subtracted from the measurement afterwards.
Regarding the remaining “leakage-like” current after compensation in Fig. 6.48, it should be
clear that this is not leakage in conventional terms as it somehow depends on frequency. Most
measurements even showed much larger amounts of remaining “leakage” after compensation.
A possible explanation can be derived from leakage compensated curves that were measured
on samples with an increased PTO grain content analog to those discussed in section 6.5.5.
Figure 6.49 shows exemplarily two I-V curves that were recorded on the samples as depicted in
Fig. 6.47 and subsequently leakage-compensated. In case of the the single PTO coating I-V
curve, still distinct “leakage-like” current amounts are present after compensation, especially on
the positive voltage branch. For the even larger PTO grain content, the compensated I-V curve
is basically flat and shows no increase in current towards higher voltages. On closer inspection,
anyway, a slight widening of the I-V curve beyond the positive switching peak at higher voltages
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can be noticed. A similar, although more pronounced curve progression arises on the negative
voltage axis in case of the single coating sample. Remembering the results of chapter 6.5.4,
this curve widening is plausible as sub-loops are cycled for the embedded ferroelectric PTO
grains and switching of grains also takes place outside the displacement current peaks at higher
voltages. At least parts of the uncompensated “leakage like” currents are therefore intrinsically
coupled to the sample setup.
Other processes, maybe of electrochemical origin, likely participate for larger uncompensated
current amounts as for example arise on the positive voltage axis in Fig. 6.49 on the left. Here,
the charge of the “leakage” peak is too large to be solely explained by switching of embedded
PTO grains. Before a complete cycling of these frequency-dependent current shoulders is
achieved, real leakage becomes dominant and electrical breakdowns occur and hence, a deeper
analysis of this frequency dependent current is hindered.
As long as the intrinsic switching of PTO grains outside the peaks at higher voltages is not
precisely separated from frequency independent displacement charges of a possibly other
physical or chemical origin, reliable results in terms of the physical properties of collectively
embedded islands are only obtained regarding the pristine I-V plots. Here, the pure displacement
current peaks can be examined apart. As it was illustrated in section 6.5.3, this gives quite precise
information on the properties of the electrically accessible PTO grain fraction that switches
in the narrow voltage range of the peak, while a hysteresis plot always involves all current
contributions present after compensation, no matter of what origin those might be.
7 Conclusions
7.1 Summary
The future potential of ferroelectric devices in information technology will strongly depend
on their downscaling capability. The competition with other technologies on a long term basis
requires an ongoing structural miniaturization as in microelectronics industry today.
The major aim of this work has been to identify the integration potential of self-assembled,
bottom-up grown ferroelectric nanostructures and to push integration to a level where characteri-
zation techniques become feasible that were not accomplished on nanosized ferroelectric cells
of these dimensions to date. The following paragraphs summarize the main results.
• Self-assembled ferroelectric nanoislands
General process dependencies for the preparation of ferroelectric nanoislands on platinized
silicon substrates by CSD were studied by means of self-assembled PTO islands featuring
a statistical size distribution without long-range ordering. Depending on the precursor
concentration, three distinct regimes were found where the grain density would either
rise, fall or remain constant. It was shown, that the grain morphology in fact depends on
the overall amount of deposited material rather than the number of coating steps. The
use of pre-existing PTO grains as seeds for further grain growth is therefore not effective.
Optionally the average island separation can be altered by adjusting the crystallization
temperature. Temperatures of around 800◦C however do not only increase the risk of
excessive lead loss during island processing but also evoke a thermal instability of the
standard platinized substrates. In turn, XRD scans that were accomplished on the PTO
nanoislands revealed, that a secondary phase emerges when the crystallization temperature
is below 650◦C.
• Registered ferroelectric nanostructure arrays
In order to obtain CSD prepared PTO islands with a high registration and a narrow size
distribution, a unique concept based on artificial TiO2 nucleation sites was introduced.
By carefully adapting the CSD process to the nucleation site dimensions and densities,
highly ordered nanocrystals down to 50 nm in lateral dimensions were successfully grown
on arrays featuring a 125 nm pitch. The corresponding grain density of 6.4 Gbit/cm2
represents an integration density that was achieved for the first time among ordered ferro-
electric nanostructure arrays. Upon optimization of the seed layer thickness, 90 % of the
deposited crystals displayed piezoelectric activity. Ferroelectric switching was exemplar-
ily verified on single cells using PFM. The presented nucleation site concept fulfills the
basic requirement regarding a prospective integration of bottom-up prepared ferroelectric
114 7 Conclusions
nanoislands into devices as it allows for individual addressing of the ferroelectric cells. In
particular, it combines the high precision of lithography based patterning approaches with
the low processing damage that is inherent to bottom-up growth techniques.
• Structural integration using flowable oxides and CMP
For further structural integration a scheme was developed based on a complete embedding
of the ferroelectric nanoislands in a layer of flowable oxide and subsequently providing
electrical access to the grain tops by a dedicated CMP process. The embedding approach
is principally not limited by nanoscale structural dimensions as demonstrated by means of
highly-ordered, fully embedded ferroelectric nanostructures of merely 15 nm in height.
This means, that an adequate polishing accuracy can be obtained within the available
resources of a tabletop polishing machine when proper process parameters and well suited
polishing pads are used. Regarding the functionality of the PTO grains in the embedded
state, XRD scans indicate no modifications in island crystallinity after annealing of the
dielectric layers which is supported by the distinct piezoelectric activity of the embedded
grains as recorded by PFM.
• Polishing of ferroelectric nanoislands
It was evaluated to which extent the interface on top of the PTO islands might be chemically
or mechanically modified during CMP. For this, freestanding self-assembled PTO islands
were polished directly. PFM studies indicate no degradation of ferroelectric performance
by the chemical agents and the mechanical abrasion effect. Ferroelectric switching of
the polished grains was exemplarily illustrated on a 15 nm high grain. The most striking
result is surely that the polishing process is completely abrasive and no islands are torn
away from the substrate. As the average grain height is significantly reduced and strongly
converges, the process allows for nano-manipulation of the average grain size and shape i.e.
the grains aspect ratio close to the critical thickness of ferroelectricity. This is significant as
it breaks the natural, statistical size distribution of the self-assembled deposition process.
• Direct electrical characterization of ferroelectric nanoislands
It was shown, that direct electrical characterization of sub-100 nm ferroelectric islands
becomes feasible, provided that the structures are measured in parallel. For the first time,
displacement current peaks were recorded on ferroelectric nanoislands of such small
lateral dimensions. The I-V curves that were recorded only slightly differ from curves
that are obtained for continuous PTO thin films. The displacement current peaks show
ferroelectric characteristics regarding frequency and applied voltage. While values for
the coercive field Ec can directly be extracted from the I-V plots, a first evaluation of
the remanent polarization Pr of the nanosized PTO islands was derived by integrating
the displacement current peaks. In this context it was found, that the actual switching
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charge closely corresponds to the piezoelectric active surface fraction of the embedded
grains as was verified by PFM. The excellent agreement with literature values when
the surface fraction of ferroelectric nanoislands approaches unity proves the eligibility
of the applied integration route. Leakage current compensation, which was shown to
be hampered by intrinsic current contributions of the sample setup as well as extrinsic
displacement charges, provided hysteresis plots of embedded PTO nanograins.
7.2 Outlook
The present study demonstrated the immense potential that bottom-up growth approaches based
on artificial nucleation sites offer. Fully functional ferroelectric perovskites were grown with a
precise registration and highest integration densities. Although the approach combines several of
the respective advantages of both lithography based patterning approaches and bottom-up growth
techniques, the electron-beam lithography step for nucleation site patterning does not allow
for high-throughput and limits the dimensions of the nucleation site arrays. In the future this
could be overcome by adapting the nucleation site patterning process to current high-throughput
patterning techniques like nanoimprint lithography or nanocontact printing.
Besides, the artificial TiO2 nucleation sites as employed in this work are likely functional for
other perovskites as well. It would be interesting to see if and to what extent the approach could
be adapted to further materials with ferroelectric or resistive switching properties.
Regarding the regularity of the template grown ferroelectric cells, further improvement should
be obtained when using flat, epitaxial platinum electrodes instead of the irregular polycrystalline
substrates that were employed so far. In this context, future studies should focus on structural de-
viations between single cells employing local high resolution scanning techniques like HRTEM
for example.
The developed integration route allowed for direct electrical characterization of sub-100 nm
ferroelectric nanoislands in parallel. The probably most challenging task for future studies
will be to enable deposition of top-electrodes on single ferroelectric cells. Structuring of such
electrodes could be done analog to the nucleation site patterning with EBL and lift-off. The tools
that are needed for this next step of integration exist as they were established within the present
work. Required however are a further improvement of the polishing process in terms of a better
stability as well as the development of an alignment process that allows for precise electrode
deposition with nanometer accuracy. Alternatively, single top-electrodes could be deposited
using FIB. Recording of electric switching events on such nanocapacitors will also depend
on further improvements of parasitic current compensation schemes for existing measurement
instrumentation or alternatively on the on-chip integration of amplifiers.
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